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 i 
Abstract 
 
Expansive subgrades in the Toowoomba District have been contributing to pavement 
failures and subsequently causing increased annual maintenance expenditure. The 
Department of Main Roads Toowoomba have been unsuccessfully constructing roads 
on expansive soils, which meet the full life expectancy. Inaccurate testing procedures 
and pavement designs are believed to be the primary causes of these failures.  
 
The Department of Main Roads and other road agencies commonly use standard four 
(4) day soaked CBR tests to measure the swell potential of an expansive soil sample. 
Main Roads specifications state the use of a four (4) day test four granular material, and 
ten (10) day soaked CBR testing for more expansive materials. Many soil laboratories 
do not carry out ten days tests because of time restraints, funding restraints and the 
conception that ten day tests do not provide additional information. Forensic 
investigation into the comparison between the four day and ten day test was carried out. 
Recommendations on testing procedures and subsequent accuracy of the four day 
testing methods are discussed.  
 
Compilation of the Pavement Performance Profile required analysis of yearly data 
relating to structural, functional and other attributes.  The functional attributes of 
Rutting and Roughness were considered as they correlate well with road user 
expectations.  Structural performance assessments were based on CBR strength, 
including insitu CBR and Compressive Cylinder tests which indicated the pavements 
structural capacity to withstand current and future loadings.  Traffic Loadings and 
Maintenance costs, both historical and projected, were also integrated into the Profile. 
Forensic Investigation into the current failures included conventional methods and the 
modern technologies of Loaded Swell Testing (LST) and Hydrometer Analysis. 
 
Investigations into construction practices such as compaction, moisture addition and 
application of overburden was carried out through varied CBR test methods.  The 
Pavement Performance Profile and Forensic Investigation are reconciled to produce an 
interrelationship between performance and failure.  This interrelationship formed the 
basis for construction guidelines and design recommendations for road construction on 
expansive soil. The methodology developed for this study is reviewed and considered 
for its application to other construction projects completed by the Department of Main 
Roads. 
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   1 
1 Introduction 
1.1 Introduction to Expansive Soils 
 
Roads are vital to link our communities and sustain Queensland‟s economy and 
quality of life. Since the 1920s, road authorities have been consistently 
increasing road expenditure to maintain Queensland‟s population growth. Road 
freight in Australia has tripled since 1979, and is predicted to double in the next 
fifteen years. The increase in vehicle trafficking and excess road freight has 
placed significant pressure on the State Roads Authorities (SRA‟s) to design and 
construct roads to a high standard of performance.  
 
Road pavements in Australia and New Zealand are valued at approximately 50 
billion, or around one third of total road infrastructure value.  Construction and 
maintenance works on pavements in Australia and New Zealand cost three 
billion per year, or approximately half of the total annual road expenditure 
(Austroads 2002). This highlights the need to improve road design conditions 
and as a result minimise maintenance expenditure.  
 
Expansive subgrades damage road pavement performance and quality. Poor road 
performance and quality significantly affect road service life, its load carrying 
capacity, vehicular fatigue, the safety and comfort of road users, and the amenity 
of surrounding environments.  
 
The Southern District of The Department of Main Roads Queensland is 
responsible for over 3,000 kilometres of state controlled roads and services for 
more then 150,000 permanent residents and tourists. This emphasises the 
importance of maintaining the quality of the road network throughout this region 
to ensure public safety. At present many roads in this region are failing 
prematurely due to the expansion of reactive soils underneath the roadway, 
causing safety issues and increases road maintenance costs.  
 
   2 
Expansive soils cause road failures and contribute to the decline in quality of 
Australia‟s road network. Expansive soils have always posed a challenge in 
Queensland due to their variable nature and tendencies to move when exposed to 
moisture. Roads have always showed a significant vulnerability to these 
movements which have no easy solution. Engineers can find ways to minimise 
the effects of expansive soils by means of stabilisation, importing material and 
using impermeable materials but these are often only temporary solutions.  
 
Each year in Australia, expansive soils cause billions of dollars in damage to 
buildings, roads, pipelines, and other structures. The damage is more than that 
caused by floods, hurricanes, tornadoes, and earthquakes combined. Expansive 
or swelling soils, as their name implies, are soils that swell when subjected to 
moisture. Expansiveness is a property of the soil influenced by seasonal climatic 
conditions and involves a soils propensity to change in volume with moisture 
variation. Due to difficulties in simulating atmospheric climatic factors, there is 
no direct measure of this property. Therefore it is necessary to use comparative 
values of swell measured under known conditions to assess expansiveness.  
 
Expansive soils are widely distributed throughout Australia and Queensland. 
Damage caused by soil movement is normally restricted to light structures, such 
as house slabs, low embankments and drainage structures. Expansiveness is 
controlled primarily by three elements; the type of clay minerals, the change in 
moisture content (active depth), and the applied stresses (embankment loading). 
If strictly managed soil propensity to volume change can be minimised.  
 
Several methods have been trialled to minimise the effects of soil volume 
changes. Many have had minimal success with only one solution, lime 
stabilisation, being repeated regularly by Main Roads Toowoomba. Several 
trials have been completed using vertical moisture barriers, impermeable 
materials, geotextile, flexible pavements and various stabilisation techniques. 
Main Roads in South Western Queensland have developed guidelines to 
construction for low trafficked roads with some success. Several principles have 
been adopted and applied to this project.  
   3 
1.2 The Queensland Department of Main Roads 
 
Main Roads plan is to build and maintain around 34,000 kilometers of state 
controlled roads. These roads are the major arterial roads, highways, motorways, 
freeways and bypasses throughout the State of Queensland. The Department has 
a strategic interest in the entire Queensland road network, and works closely 
with federal and local governments to manage the road network in an effective, 
socially responsible and environmentally sustainable manner.  
 
There are three funding types which categorise the roads controlled by Main 
Roads Queensland. These are National Highways (NH), Other State Controlled 
Roads (OSCR) and Local Roads of Regional Significance (LRRS). State 
controlled roads account for 20 percent of the states total road network and carry 
approximately 70 percent of the states traffic. 
 
Queensland has one of the fastest growing economies in Australia. More than 
1,000 people weekly are moving into south-east Queensland alone. Significant 
export growth, particularly in the central Queensland coal fields, is placing 
enormous demands on infrastructure. This unforeseen growth has led Main 
Roads to change its business management philosophies and meet the challenges 
ahead. Changes in recent years include a new regional structure to improve 
delivery of the state wide roads program.  
 
Management of such a large network is facilitated through the division of the 
State into 12 separate regions and 18 district offices. The district divisions can 
be seen in Figure 1.1 and details are shown in Table 1.1. The Southern District 
has been highlighted. 
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Figure 1.1 - Main Roads Districts Map 
www.mainroads.qld.gov.au 
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 Table 1.1- Main Roads Districts 
District No Region District Offices 
1 Central West Barcaldine 
2 Darling Dows Toowoomba 
3 Darling Downs Warwick 
4 Far North Cairns 
5 Fitzroy Rockhampton 
6 Fitzroy Emerald 
7 Mackay/Whitsunday Mackay 
8 Metropolitan Brisbane 
9 Metropolitan Ipswich 
10 North Coast Sunshine Coast* 
11 North Coast To be Allocated 
12 Northern Townsville 
13 North West Cloncurry 
14 South Coast Gold Coast 
15 South Coast Logan 
16 South West Roma 
17 Wide Bay/Burnett Bundaberg 
18 Wide Bay/Burnett Gympie 
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1.3 Southern District of Main Roads 
 
This project will be conducted in the Southern District where the office is 
located in Toowoomba. The main challenge of this District is to manage the 
ageing road network. Meeting growing needs of agricultural, tourist and 
industrial traffic, while interacting with the many local governments contained 
within its boundaries is of particular importance. 
 
The Southern District is now known as the Darling Downs region and is 
responsible for 3,104 kilometres of road network.  The Southern District is 
comprised of 18 local government councils: Toowoomba City, Cherbourg 
(Community) Council and the Shire Councils of Crows Nest, Cambooya, Esk, 
Gatton, Millmerran, Murgon, Jondaryan, Laidley, Kingaroy, Rosalie, Nanango, 
Wondai, Chinchilla, Wambo, Dalby Town and Pittsworth. Figure 1.2 indicates 
Toowoomba Districts regional boundary.  
 
Figure 1.2- Darling Downs Region 
www.mainroads.qld.gov.au 
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1.4 The Problem 
 
The Department of Main Roads Toowoomba has been experiencing difficulties 
in constructing roads on expansive clays which are both cost effective and 
structurally sound. There is a strict budget on expenditure in the region which is 
placing a strain on the ability to design roads on expansive soils which do not 
need significant maintenance repairs prematurely.  
 
After a significant rainfall event moisture seeps underneath the roadway and is 
attracted to the chemical makeup of the black clay. Organic clays (OH) with 
high plasticity have a high reactivity and swell potential. This swell often forces 
the road to rapidly deform out of shape and show significant signs of distress 
often only 1/3 into its design life. These failures are causing increasing 
maintenance expenditure, and also other effects which are cost unrelated. State 
Road Authorities such as Main Roads are concerned with the negative public 
image consequences from high profile premature pavement failures. Public 
perception of poor management of funds, evidenced by poor performance of 
road construction projects, can also lead to negative political consequences. 
 
1.5 The Impact of Pavement Failures 
 
Reeves (2001) provides information about the magnitude of pavement failure on 
roads managed by the Queensland Department of Main Roads, including the 
following; 
 
 The cost of pavement failures to the Queensland Department of Main 
Roads is about $10 million per year, which is a conservative estimate. 

 Of about $3 billion in funding spent on pavements in the last 10 years, 
about $300 million (10%) has not given optimum value since remedial 
treatment was necessary to allow pavement to reach its intended design 
life. 
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  $10 million is spent on unplanned costs each year due to design or 
Investigation inadequacies, which result in costly construction changes 
and claims. 
 
The majority of road pavement failures occurring in the Southern District of 
Main Roads are those related to expansive subgrades. A greater level of 
accuracy in relation to testing practices and design practice would be largely 
beneficial in reducing annual road pavement maintenance costs.  
 
1.6 Pavement Failure Investigations 
 
The investigation of pavement failures in the Southern District of the 
Queensland Department of Main Roads is often carried out in a relatively 
informal manner. There are specialist services for the investigation of pavement 
failures available from Road Systems and Engineering (RS&E) divisions 
although these are often unutilised. The use of these services is often unjustified 
as cost usually outweighs benefit. 
 
Many of the roads in this district exhibiting road failure are considered to be of 
minor importance, and as a result the funding for these roadways is often 
overlooked. There may also be a reluctance to spend money on a pavement 
failure investigation, instead of using these funds for rehabilitation work. 
 
Due to these considerations, there is a reliance on the past experience of 
personnel within the District in evaluating the failure, determining the testing 
required, and making a final decision regarding the appropriate rehabilitation 
treatment. This practice is sometimes inefficient as incorrect tests may be chosen 
if the investigator is inexperienced, and the failure incorrectly recognised.  
 
The development of a systematic method for investigating pavement failures 
will help to ensure that even if the investigation is carried out by inexperienced 
staff, there is a reasonable chance of success in diagnosing the problem, and 
determining the most appropriate rehabilitation treatment. 
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1.6 Aims and Objectives of the Project 
 
This project seeks to develop and apply a methodology for the benefit of 
construction of roads on expansive subgrades in the Toowoomba District. This 
will be achieved by assessing the validity of soil testing techniques used to 
determine the reactivity of expansive soils, develop a correlation between road 
failures and expansive soils, and make recommendations on road construction 
practices which may reduce the extent of expansion in these soils. Results from 
the investigations will be developed with scope for further application in the 
Queensland Department of Main Roads.  
 
The development of construction guidelines to minimise the effects of expansive 
soils consists of an amalgamation of concepts, technologies, techniques and 
methodologies adopted from a number of sources.  The methodology of this 
project does not pay particular focus to just design like many, but incorporates 
test methods, pavement failure mechanisms, design, construction and 
rehabilitation. 
 
With a broad focus on collating, analysing and reviewing information from 
many sources and technologies, this methodology attempts to gain increased 
understanding of the effects of moisture ingress into reactive clays. Increased 
understanding of expansive soils and subsequent increased ability in determining 
soil testing accuracies and design parameters will maximise learning‟s from the 
investigation. 
 
The methodology outline is: 
 
 Identify a range of recently constructed projects on expansive sub-
grades within Toowoomba District, Queensland Department of Main 
Roads which could be used in this investigation. 
 Carry out performance based assessment (Roughness, Rutting and 
Maintenance Costs) of the selected pavements. 
 Identify major parameters associated with pavement cross sections 
which influence moisture changes and/ or volume changes in 
Toowoomba District  pavements. 
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 Investigate the effects of these parameters through a combination of 
background reading, examination of existing test data, field 
investigations and soil testing. 
 Identify and test likely pavement cross sections to minimise the 
effects of  moisture changes and/or soil volume changes. 
 Develop guidelines for the selection of pavement cross sections for 
Toowoomba District. 
 
Several technologies are used to investigate the severity and extremities of soil 
volume changes caused directly by moisture ingress into expansive subgrades.  
 
Listed are some of the Technologies and Methods used for the investigation: 
 California Bearing Ratio (CBR) and loaded Swell Tests (Main Roads 
2002) 
 Hydrometer & Compressive Cylinder Testing (Main Roads 2002) 
 Linear Rutting Progression Rate (LRPR) (Austroads 2007) 
 Forensic Investigation into pavement failures (Smith 2004) 
 
1.7 Background on Project 
 
The section of roadway investigated is located between chainages 50.0 to 70.0 
kilometres on the Toowoomba-Cecil Plains road. This section of road is West of 
Toowoomba and located on the black soil plains of the Darling Downs. The job 
number is 67/324/302 and was constructed in 2003. This section of road was 
constructed on expansive clays and displayed vast signs of distress 
approximately two (2) years after initial construction. The road was built with 
various trial methods in its design including lime stabilisation and geotextile 
fabric layers. These appeared to be an ineffective solution and the section of 
roadway is not expected to reach design life without severe maintenance works.   
 
The Toowoomba Cecil Plains road, resembling many of the roads currently 
being constructed in the Darling Downs region, is of a standard cross section 
(refer to figure 1.3) and does not contain any specific design features which 
attempt to minimise the effects of expansive soils.  
   11 
As a result of this lack of specified designing the road section is failing 
prematurely after 4 years, when its design life is 10 years. Premature failure 
results in significant annual maintenance costs, low productivity and a decrease 
in efficiency. Currently (2008) designs for a new pavement overlay have been 
completed, with a project cost estimate of approximately $2.7 million. 
Immediate safety issues caused the road to have severe shoulder rehabilitation in 
early June 2008 at a cost of $62,500. This consisted of a „mill and fill‟, along 
with seal and a new stone surface.  
 
A cross section showing a typical design for the Toowoomba Cecil Plains 
Project is shown as Figure 1.3. 
 
Figure 1.3 - Toowoomba Cecil Plains Road Cross Section (Main Roads Design 
Plans) 
 
 
Table 1.2- Road Configuration 
 
 
CROSS SECTION 
Formation 11 metres 
Traffic Lanes 2 by 3.5 metres 
Shoulders 1.0 metres 
PAVEMENT 
Planning Configuration Unbound granular and bitumen chip seal 
Width Full Formation 
Design Life 10 years 
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The aim of pavement design is to select the most economical pavement 
thickness and composition which will provide a satisfactory level of service for 
the anticipated traffic (Austroads 2004). 
 
The pavement design for the Toowoomba Cecil Plains Project was carried out in 
accordance with the provisions of the Main Roads Pavement Design Manual 
(1999).  Subgrade material for the project was predominantly expansive black 
soil.  
 
The pavement design included: 
 
 Base (type 3.2) 150mm with 1.0% plant mixed cement/fly ash mix. 
 Base (type 3.2) 100mm with 1.0% plant mixed cement/fly ash mix. 
 Cement and 2.5% fly ash treated upper sub base were also used. 
 
  
1.7.1  Maintenance Issues 
 
Small sections of pavement began to fail in late 2007 as shown in Figure 1.4 and 
Figure 1.5. As a result of these evident pavement failures, this project aims to 
resurface the cross section shoulders in June 2008 to meet the immediate safety 
issues being caused by rutting, shoving and water retention in wheel paths. This 
is only a short term solution and is predicted to need repeating in approximately 
3 to 4 years.  
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Figure 1.4 - Isolated shoving Failure on the Project, chainage 65.4 kilometres 
 
 
 
 
 
Figure 1.5 - Cracking failure on the Project, chainage 63.8 kilometres 
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Severe rutting throughout the entire project is occurring parallel to cracked 
shoulders, which indicates a relationship between rutting and moisture entering 
the pavement through cracked surfaces. The winging up of the pavement edges 
is also evident throughout the entire project and was measured to indicate the 
severity of the problem. This is a prominent failure throughout the project.  This 
is caused by rising of the subgrades, as a result of moisture entry and subgrade 
expansion. Originally the project was constructed with a consistent crossfall of   
-3.5 percent from centreline to outer shoulder, however due to the propensity of 
the subgrade to soil volume changes the pavement cross section now has cross 
falls of  >3.0 percent.  
 
Several cross sections were measured with a trundle meter at intervals, and had 
the cross fall recorded and tabulated. The cross falls were measured on both 
sides of the carriageway, with destination of Cecil Plains (WB) and Toowoomba 
(EB). The cross falls were recorded at 6 intervals; 0.5, 2.0, 2.5, 3.0, 3.5 and 4.0 
metres. This allowed for the hinge point in the rise of the pavement shoulders to 
be located.  
  
Table 1.3–Cross-falls obtained from measurements of several cross sections. 
 
Distance 
from 
Centreline 
EB 
 
Ch 57.70 
km 
WB 
 
 
EB 
 
Ch 57.90 
km 
WB EB WB EB WB 
Driveway Driveway + 10m 
0.5m -3.2 -2.4 -2.3 -2.9 -3.0 -3.3 -2.1 -3.4 
2.0m -2.1 -3.3 -1.2 -3.2 -3.3 -2.9 -0.5 -3.5 
2.5m -0.4 -1.7 -0.2 -0.9 -2.9 -2.6 +0.6 -2.7 
3.0m +0.4 +0.2 +1.3 +1.2 -2.8 -1.2 +2.0 -1.1 
3.5m +0.4 +0.5 +0.8 +0.9 -2.7 -0.8 +2.1 +0.1 
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Pavement winging up on its own is just one example of how pavements can fail 
from expansive subgrades. Due to the variability of expansive soils it has made 
it difficult to accurately predict how the pavement will exactly fail. This 
highlights the need for more accurate soil testing methods to accurately predict 
the potential shrink/swell behaviour of the soil. With results and 
recommendations from this investigation Main Roads staff with can design a 
pavement cross section which successfully minimises the effects of soil volume 
changes. 
 
 
Figure 1.6- Winging failure/ Toowoomba Cecil Plains Job, chainage 63.98 
kilometres 
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1.8 Dissertation Overview 
 
Research was firstly carried out into moisture in pavements, pavement type 
cross sections, soil testing techniques and also methodologies and technologies 
used in the determination of expansive soils susceptibility to volume change 
when exposed to moisture.  An examination into a roadway constructed on 
expansive subgrades which is currently exhibiting severe failures was used to 
acquire all soil samples. This section of roadway contained various methods 
trailed in its design to attempt to minimise failures, these methods were 
researched and their succession was assessed.  
 
The methodology for the investigation was developed and the three major 
components adopted for the study of expansive clays are: 
 
1 Investigation Into Main Roads Soil Testing Techniques 
 
Main Roads are currently designing roads based on results from soil tests 
conducted by their own soil laboratory. These roads are underperforming and are 
not designed to meet the soils propensity to change in volume with moisture 
variation. This indicates that Main Roads are underestimating the potential swell 
and shrink of soils when conducting tests. A series of loaded swell tests, and 
varied CBR tests were conducted and the compared with Main Roads current 
standard testing practices to examine the feasibility of their current practices. 
This procedure also gave an accurate depiction of the soils potential to volume 
change when exposed to simulated wet climatic conditions.   
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2   Pavement Performance Profile 
 
A Pavement Performance Profile for the Toowoomba – Cecil Plains (TCP) Road 
was developed by assessing both structural and functional attributes of the 
pavement.   
 
Attributes included in the Pavement Performance Profile are: 
 Visual examination 
 Rutting 
 Roughness 
 Cross fall changes 
 Maintenance costs  
 Traffic loadings 
 
By assessing the failures of a road constructed on expansive clays an accurate 
depiction of the severity of the failures which are resulting from moisture 
ingress can be achieved. This section of road consisted of many previous design 
innovations which had been trialled to minimise the swell effects. By assessing 
which performed, ideas to improve failures can be seen.  
 
3 Forensic Investigation into Pavement Failures 
 
Failures have started to form within the Toowoomba-Cecil Plains Road, with the 
first developing less than two years after practical completion of the project.  
The investigation of these failures follows the method: 
 
 Review Documents and Literature 
 Interview Personnel 
 Non-destructive Condition Survey (Cross-fall Measuring) 
 Destructive Materials Sampling and Testing (Trenching etc) 
 Determine Probable Causes of Failure 
 Determine Successful Design Features 
 
 
 
   18 
1.9 Conclusions 
 
Results and conclusions from the three components were reconciled and 
discussed to determine interrelationships between components.  Results are 
reviewed to conclude whether soil testing techniques can be improved to achieve 
a more accurate representation of the shrink/swell potential of soils situated in 
the Toowoomba District. The viability of type cross sections used on the 
„Norwin Job‟ is reviewed and related to the viability of other type cross sections 
used by the Southern District of Main Roads, and other RSA‟s. The construction 
guidelines are compiled to state clearly the relative steps which should be 
followed to minimise moisture ingress into expansive subgrades.  
 
The methodology developed for this study is considered for its application to 
other new construction projects to be completed by the Department of Main 
Roads. 
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2 Background & Literature Review 
2.1 Introductory Remarks 
 
This chapter will review literature to establish the need for road pavement cross 
sections which are resistant to soil volume changes, caused by expansive 
subgrades. This literature study also provides an in depth overview of the 
practices used to test the propensity of expansive soil to soil volume changes 
when introduced to moisture. Through investigating testing procedures it will 
become evident that a technical knowledge of the potential behaviour of an 
expansive soil is needed to allow for a design which is specific to each 
individual soil strata. This minimises the chance of over designing or under 
designing a pavement and encapsulates the versatility of expansive soils, whilst 
highlighting the risk analysis which must be undertaken during road pavement 
design.  
 
In this chapter, relevant literature detailing the fundamentals behind expansive 
soils will be investigated, as well as how expansive soil behavior influences 
structure performance. To gain a thorough understanding of the fundamentals of 
expansive soils, and how expansive soils effect pavements, a particular emphasis 
will be placed on the following topics.  
 
 Expansive soil theory and background 
 Investigation of expansive clays as a subgrade for road pavement 
 Extent and characteristic of expansive clays on the darling downs 
 Testing procedures used to determine expansive soils and their 
shrink/swell behaviour 
 Construction methods and guidelines for construction of road 
pavements on expansive soils 
 Maintenance and rehabilitation methods used when problems 
develop 
 Risk analysis methods and their application to pavement life 
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Initially the identification of expansive soils, the climatic conditions behind 
expansive soils and how moisture affects the soil structure was investigated.  
Furthermore this literature review aims to investigate the current construction 
practices used to minimize the effects of expansive soils on road pavements, the 
testing parameters, and the damages related to moisture volume changes in 
pavements. This above mentioned can be seen in chart form in figure 2.1. 
 
 
Figure 2.1- Organisational Chart on Literature Review 
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2.2 Road Pavement Performance 
 
Australia‟s has several of the highest crash statistics of any of the Organisation 
for Economic Co-operation and Development (OECD) nations. In 2007 
Queensland recorded around 9.0 road deaths per 100, 000 registered vehicles 
with the Northern Territory recording around 27.0 deaths per 100, 000 registered 
vehicles (ATSB 2005). Although upon first observation these statistics appear 
minimal, Australia‟s Northern Territory was recorded by an Internal Road 
Safety Comparisons Report 2005 as having the highest road deaths per 100, 000 
registered vehicle worldwide out of any OECD country. Australia‟s road death 
toll indicates that it has increased an average percent change of 5.4% since 2003 
(ATSB 2008). Although evidence does not always relate these statistics to poor 
road performance characteristics, it is in the opinion of many professionals a 
contributing factor.  RACQ annually releases reports demeaning roadways 
across Queensland. These reports are often listed as Queensland‟s top 100 most 
dangerous roads and referred to as a black list. This is based solely on road crash 
statistics and is further evidence of popular opinion that poor road standards 
contribute to road crash fatalities.  
 
Each year Australian State Road Authorities (SRA‟s) conduct tests to gather 
statistics on road performance. The Queensland Department of Transport in 
2002 conducted several monitored rapid braking road tests, which indicate that 
there is a greater likelihood of a vehicle traversing of the roadway during 
instantaneous braking, if there is severe surface rutting and other pavement 
defects. Many of these defects can be related to pavement failure caused by 
underlying base, sub-base and subgrade failures. Expansive soils in South 
Western Queensland are related to over 70% of subgrade failures, and 
subsequent pavement failures (Austroads 2002).   
 
Road pavements in Australia and New Zealand are valued at approximately 
A$50 Billion, or one third of the total value of all road infrastructure. Yearly 
pavement works expenditure is around A$3 Billion per year, or nearly half of 
the total annual road expenditure (Austroads, 2002a). Queensland is one of 
Australia‟s leading freighting states and is host to many large coal mines which 
freight to overseas countries.  
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Road performance plays a key role in the economic growth and community 
relations. Australia‟s economy depends heavily on the performance of our roads.  
 
Road pavements are designed to provide structural adequacy as well as a smooth 
and comforting ride quality. The aim of State Road Authorities is to design a 
road cross section which upholds it structural performance requirements as well 
as provide a level of adequate ride quality throughout its design lifetime. Ride 
quality, measured in terms of roughness, is an important road condition indicator 
for road users in terms of transport costs and driver comfort and for road 
agencies in terms of its effect on road maintenance costs. To achieve good ride 
quality consideration must be given to design, environmental, construction, 
specification and maintenance issues (GeoPave 2004). 
 
In road pavement design a compromise must be reached between quality, 
performance and cost. The differentiation between design selection methods 
must be made through reasoned engineering judgment and understanding of all 
factors which can affect change, and should not be based solely on short term 
cost considerations. Evidently although there is an apparent increased cost of 
using a preventative design approach, the cost of remedial work may be 
considerably higher (Gourley et al, 1993). If this compromise is achieved, road 
pavement designed should be functional at its highest level for majority of its 
design life, without the need for rehabilitation (Robinson 1999). 
 
Performance of road pavements impacts on safety and comfort of the road user, 
load capacity, amenity of the surrounding environment, adequate direction of 
traffic, management of the road traffic, and the extent of impact to vehicles 
travelling on the road.  
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2.3 Expansive Soils 
 
Reactive soils, often referred to as swelling soils, are characterised by their 
shrink swell behaviour as a result of changes in their moisture content. These 
soils shrink in dry periods and swell in a wet period, that is, they “react” to 
changes in moisture. This often results in a periodic rise and fall in the ground 
surface. The effects on buildings constructed on such soils with inadequate 
footings can be dramatic (Smith R, 2004). Road subgrades can be viewed as the 
footings/ foundations for road pavements, and if these footings are not adequate, 
structural damage can occur.  
 
 All structures have underlying foundations which largely influence structural 
performance. Damage can occur if the underlying soil expands contracts, slides 
or moves. There are three basic particle size components of naturally occurring 
soil: sand, silt and clay. Plastic clays termed as expansive soils or active soils 
exhibit volume change when subjected to moisture variations (He-Ping Yang et 
al, 2007).Swelling or expansive clay soils are those that contain swelling clay 
minerals (such as montmorillonite and smectite) and can often be scientifically 
referred to as Vertosols. Vertosols are soils that contain clay minerals which, 
because of their natural physiochemical properties, posses a net negative 
electrical charge imbalance that attracts the positive pole of dipolar water 
molecules and cations (Snethen, 1980). In addition, expansive soils have high 
degree of shrink-swell reversibility with change in moisture content. 
 
A large number of structures, specifically those with low self weight, have met 
with widespread problems associated with serviceability performance mainly in 
the form of cracks or permanent deformation. 
 
Expansive soils and bedrock underlie more that one-third of the Earths land 
surface. In Australia these soils are prevalent in most low lying country where 
deposition can occur, and in particular the focus of this dissertation, the Darling 
Downs area of Toowoomba.   
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Types of structures that are most often damaged from reactive soils are 
roads/highways, building foundations, residential buildings of small scale, 
retaining walls and pavements. Pavements are particularly vulnerable to 
movement and damage as their self weight is often small and unable to suppress 
the differential heave, like multi storey high rises.   
 
The problem of expansive soils throughout the world results from a wide range 
of factors; 
 
 Shrinking and swelling of clay soils resulting from moisture change 
 Compression of the soil strata resulting from applied loads 
 The type of clay size particles 
 Drainage, from the rise of ground water tables or poor surface 
 drainage 
 Inadequate construction practices 
 
(Eiji Y et al, 1998) states other minor factors such as; 
 
 Pressure of the backfill soil 
 Weathering and erosion 
 Lack of vegetation  
 Soil ageing 
 Incorrect use of materials 
 
All of the above parameters should be considered when choosing the appropriate 
design criteria, construction materials and processes, for all structures and in 
particular road pavements.  With educated knowledge of the above parameters, 
the potential for structural damage of road pavements should be minimised.  
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2.4 Expansive Soil Structure and Characteristics 
 
Expansive soils have a lattice network throughout their microstructure which 
consists mainly of three (3) layers, octahedral sheet, usually occupied by 
aluminum or magnesium sandwiched between two sheets of tetrahedral silicon 
sites to give a two (2) to one (1) lattice structure (Chen F, 1988). This network 
typically allows water to enter to the centre of the soil particle and be retained 
for long periods of time. This retention is responsible for the movement 
associated with expansive subgrades in roads.  Soils with a large percentage of 
swelling clays have a very high water attraction, partly because of their smaller 
particle size and partly because of their positive ions (Day, R. W., 1999).  
During extreme heats this water can become evaporative. As a result of this 
there is extreme differential movement between warm and wet summer months, 
and cold and dry winter months.  
 
The engineering performance of a soil, whether tropical or temperate, residual or 
transported, will depend on at least all of the following: 
 
 Mineralogy and composition (from index tests/grading), 
 Fabric and structure (from visual/microscopic study), 
 Stress history (from geology/laboratory tests), and 
 Applied stress changes (from design, construction and climate) 
(Gourley et al, 1993) 
 
Expansive soils are extremely variable and this has caused issues when 
differentiating between active clays, although many attempts have been made. 
Richards 1984 states that expansive soils can be categorized based on their soil 
suction parameters, Instability index (a measurement of vertical strain) and it‟s 
potential to retain water through shrink and swell tests.  
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Many professional bodies believe that there are essential tests which should be 
conducted for geotechnical purposes and are necessary for adequate construction 
and design of larger structures (Punthutaecha et al, 2006) 
 
 These are stated as follows; 
 Specific Gravity 
 California Bearing Ratio (CBR) 
 Liquid Limit (%) 
 Plastic Limit (%) 
 Plasticity Index (%) 
 USC (Ultimate Strength Capacity) Classification 
 Free Swell Index (FSI) 
 
All results display similar outcomes, that is, expansive soils have increased pore 
water pressure and as a result have a severe propensity to movement when under 
wetted conditions.  
 
2.5 Factors Influencing Performance of Pavements on Expansive 
Clays 
 
Expansiveness is a property of soil influenced by seasonal climatic conditions, 
which describes a soil's propensity to change in volume with moisture variation. 
There is no direct measure of this property due to difficulties in simulating 
atmospheric climatic factors, and so it is necessary to use comparative values of 
swell measured under known conditions to assess expansiveness (Main Roads, 
2008).  
 
Expansive soils are widely distributed throughout Australia and Queensland. 
Damage caused by soil movement is normally restricted to light structures, such 
as house slabs, low embankments and drainage structures. Expansiveness is 
controlled by three elements: the type of clay minerals, the change in moisture 
content (active depth), and the applied stresses (embankment loading).  
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2.5.1 Type of Clay Mineral 
 
The type of clay mineral is largely responsible for determining the intrinsic 
expansiveness of the soil. Kaolinitic clays are relatively non-expansive whilst 
the more expansive clays are smectite clays, also known as montmorillonite 
clays. Expansive clay swell potential can be viewed as a direct measurement of 
Cation Exchange Capacity (CEC). Smecite and montmorillonite clays have a 
CEC from 80-150, highly expansive, whereas Kaolinite have a CEC of 3-15 and 
are relatively non expansive. The type of clay mineral can be indirectly assessed 
through measurement of Linear Shrinkage and Weighted Plasticity Index, as 
well as to the activity of the clay fraction (PI/% passing 0.075mm sieve). X-ray 
diffraction and Hydrometer testing are a direct method of identifying the type of 
clay mineral. The shrink/swell index test is used to capture the volumetric 
movement due to swell and shrink.  
 
2.5.2 Active Depth 
 
Expansive soils will only react if there is a change in moisture content, to cause 
either shrinking or swelling. The change in moisture content (or suction) 
controls the actual amount of swell that a particular soil will exhibit under a 
particular applied stress. This change in moisture content is brought about by 
climatic extremes. The climatic influence is measured by the suction change and 
the active depth of the site.  
 
The active depth is the depth over which seasonal moisture changes are 
observed. Below this depth, the soil moisture is relatively stable and therefore 
volumetrically stable. The active depth can be estimated by the measurement of 
soil suction with depth over time. Pore water suction in soil samples is a more 
fundamental and reliable indicator of the degree of desiccation in an expansive 
clay profile than the measurement of moisture content (Crilly and Chandler, 
1993). Figure 2.2 indicates the potential active zone of a reactive soil.  
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Figure 2.2- Active Depth (Nelson and Miller, 1992) 
 
Active depth can be influenced by external factors that are unrelated to rainfall 
and runoff. Influential objects such as trees and urban drainage can cause 
changes in the active depth profile, and consequently result in pavement 
deformation.  
 
Trees cause deep drying of the clay profile by suction, well beyond the design 
depth (Hs). In addition, trees produce increased soil moisture changes 
throughout the clay profile. This drying often causes significant clay shrinkage 
and cracking of road pavements. This is exacerbated by drought as the tree roots 
seek moisture from the clay soils. Climatic variations cause natural variations in 
ground moisture, which highlights the need to remove vegetation within Main 
Roads specifications of nine (9) metres, either side of the carriageway.  
 
Other factors such as water, sewer or storm water pipes which leak, cause 
wetting of soil and swelling (heave). This is often localized and can distort the 
shoulders causing settlement and failures. (Smith et al, 2004). 
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Climate and rainfall patterns are inputs to the Thornthwaite Index. This index 
measures the movement potential of expansive subgrades that can cause 
pavement distress (O‟Connell and Gourley 1993; Fox 2000). About 85% of 
Queensland falls into dry temperate, semi-arid or arid categories (Fox 2000). 
Depending on the region in which the road pavement is located, the likelihood 
of its exposure to rainfall intensity changes, along with its active depth. 
 
Table 2.1 indicates the active depth likelihood, depending upon which area of 
Queensland the road pavement is located. The breakdown structure of the 
Queensland climate zones can be found in figure 2.3. Toowoomba is located in 
region four (4), which has a dry temperate climatic condition and activd depth of 
three (3) metres.  
 
Table 2.1- Active Depth 
 
 
Climatic Zone Description Active Depth, Hs, 
(metres) 
1 Alpine / wet coastal 1.5 
2 Wet temperate 1.8 
3 Temperate 2.3 
4 Dry temperate 3.0 
5 Semi-arid 4.0 
6 Arid >4.0 
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Figure 2.3- Queensland Climatic Zones 
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2.5.3 Applied Stress 
 
The applied stress depends on the structural design and the embankment 
geometry. The embankment material will act to suppress vertical movement. 
The amount of overburden required to suppress movement depends on the 
intrinsic expansiveness of the soil, and the active depth, that is, the depth of soil 
subject to moisture change and resultant volume change. Loaded swell testing 
can be used to indicate the required depth of overburden to limit movement to 
acceptable levels. 
 
2.6 Moisture and Road Pavements 
 
Queensland Transport (1992) and Queensland Department of Main Roads 
(1993) both give information on the effect of moisture content changes on the 
strength and stiffness of pavement materials. The basic conclusion reached is 
that excess moisture reduces the strength and stiffness of pavement materials, 
being worse for the subgrade material, than for the subbase or base.  
 
Excess moisture and particularly high degrees of saturation result in significant 
pore pressures within the material. Depending on the degree of saturation, 
failure may occur as any of rapid shear/bearing failure, premature rutting, lifting 
of wearing course due to positive pore pressures, or embedment of cover 
aggregate due to weak base. 
 
It can be seen that for nearly all types of pavement failure, moisture is often the 
primary or a contributing cause of failure. 
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2.7 Moisture Entry in Expansive Subgrades 
 
Expansive soils are a major hindering factor on the performance of Queensland 
road pavements. These soils exposed to moisture can cause large deformation in 
pavement surfaces, subsequently increasing annual maintenance costs and 
delaying traffic flow in many areas. Expansive clay subgrades are spread widely 
throughout Queensland; particularly in western areas (refer to figure 2.3).  
 
 
 
Figure 2.4- Expansive Clay Subgrades 
(Waters 2002) 
 
Vast sections of western Queensland have expansive soils (Figure 2.3) in the 
surface alluvial layer. In general majority of roads in the western areas of the 
state are low volume roads which often prevent in depth subgrade investigations 
occurring. Queensland‟s population in recent years is however increasing 
exponentially and consequently placing pressure of  SRA‟s to deliver an 
efficient cost effective road network which meets the design parameters and the 
road users needs (Waters 2002). Improved standards of testing and construction 
will be necessary to ensure roads continue to sustain performance and life 
expectancies.  
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The stability of unbound pavement materials usually decreases with increasing 
moisture content or the Degree of Saturation (DOS).  The DOS is a measure of 
the ratio of the volume of water to the combined volume of air voids and water 
within material.  A material with 100% DOS is fully saturated and has a very 
high pore pressure and high instability under load.  As a result of this there can 
be significant structural consequence to the road pavement if moisture penetrates 
the pavement surface to the subgrade, sub base or base course.  
 
A typical example of how moisture enters a road carriageway is shown in figure 
2.5.  
 
 
Figure 2.5- Cross Section of Pavement affected by Moisture Penetration 
(Waters 2002) 
 
Figure 2.5 shows a typical example of moisture entry through unsealed 
shoulders. This often results in the soil at the shoulders expanding, resulting in 
decreased cross falls and deformations. This is one example of the many ways 
pavements can permanently deform under soil volume changes. 
 
   34 
Possible sources of moisture entry into a pavement (QMR 1993): 
 
 Through unsealed shoulders. 
 Inadequate pavement surface drainage during construction. 
 Exposure of surface to rain during construction. 
 Ponding in pits or poorly constructed surface drainage 
 Boxed or trenched pavement 
 High moisture content of materials for compaction 
 Lateral movement of water into pavement 
 Effectiveness of drainage structures 
 Porous or open graded asphalt. 
 Pavements being left primed for extended periods 
 Shoulder crossfall 
 Longitudinal grade 
 Water table characteristics 
 Climatic factors such as rainfall, temperature. 
 Vegetation etc 
 Permeability characteristics of the nearby soil strata. 
 Pavement and subgrade material properties such as shrink swell, 
plasticity  
 
Many engineers such as Kapitzke and Reeves state that moisture entry only 
occurs through the shoulders and does not seep through the pavement surface. 
This is viewed by many as incorrect, however it allows for controlled and 
justified design parameters to be implemented with particular focus on 
minimising moisture entry from pavement shoulders.  (Kapitzke et al 2000).  
 
Increases in moisture reduce the strength and performance of pavement 
materials with the sub-grade material being more influenced than sub-base or 
base materials. Excess moisture and high degrees of saturation result in 
significant pore pressures developing within the material (QDMR 1993).  
Pavement Failures resulting from moisture entry include rutting, shoving, and 
surface cracking, pavement cross fall changes, aggregate embedment and water 
ponding. All of these factors inherently decrease pavement design life and if 
severe enough, endanger the road user.  
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Queensland Department of Main Roads (1993) provided the following 
information on minimising moisture ingress into road pavement: 
 
 Works programmed to minimise exposure to rain. 
  Minimise exposure of soils to rain and moisture during construction 
 Stockpiles should be protected to reduce water entry. 
 Minimise Surface finishing using water and backwatering. 
 During placement of material, the moisture content for compaction 
should be minimised. 
 
Richard et al from the Transport Technology Division of Queensland states that 
the best practical solution to minimising moisture ingress, is constructing the 
pavement to moisture equilibrium by wetting the soil to its equilibrium moisture 
content before construction. This is often unfeasible as expansive clays often 
have a high equilibrium moisture content which causes construction difficulties.  
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2.8 Monitoring of Moisture in Pavements 
 
There is a large body of experimental and visual evidence to substantiate the 
negative impact of increased moisture in pavements, base course and subgrade 
materials. Properties related to pavement performance, such as roughness and 
deflection under load, have been shown to degrade in the presence of increased 
moisture. (Figueroa 2006) 
 
Variability of water movement through expansive clays substantiates a need for 
adequate monitoring techniques. Technological advances have resulted in 
equipment which can predict structural changes, or material failures occurring 
underneath the pavement through both destructive and non destructive methods.  
 
Trenching or coring is the traditional processes used to acquire samples for 
testing; this is often costly as it required pavement rehabilitation afterwards.  A 
number of Non Destructive Testing (NDT) techniques that detect the presence of 
moisture within the layers of a pavement system are based on electromagnetic 
(EM) energy, either by using ground penetrating radar (GPR) or Time Domain 
Reflectometry (TDR) probes.  
 
These test are accurate and extremely reliable, however due to their initially 
outlay costs they are often unavailable to many soil testing laboratories. Training 
staff is also difficult to accommodate as many mature soil scientist believe this 
technology is unnecessary and unfeasible.   
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2.8.1 Ground Penetrating Radar (GPR) 
 
Ground Penetrating Radar is a geophysical method that used radar pulses to 
image the subsurface (Al Qadi et al 2005). This non-destructive method uses 
electromagnetic radiation in the microwave band (UHF/VHF frequencies) of the 
radio spectrum, and detects the reflected signals from structures below surface 
(Annan 1997). Diefenderfer (2006) stated GPR can identify areas of varying 
dielectric constant resulting from variations in the moisture content of the 
subgrade of various pavement sections. 
 
GPR uses transmitting and receiving antennas. The transmitting antenna radiates 
short pulses of the high-frequency radio waves into the ground, which is then 
reflected to the surface when contact is made with an object or boundary, with a 
varying dielectric constant (Lahouar et al 2002).  
 
Water is a highly polar molecule and thus water retaining soils can store more 
energy than typical pavement materials on a molecular level through 
polarization.  The presence of moisture in a pavement layer will increase its 
dielectric constant since water has a high dielectric constant compared to the 
dielectric constant of many soils and pavement materials (Daniels 1996). 
Moisture content has the largest affect on the dielectric constant, with some 
influence also exerted by the materials conductivity and air void content. Thus, a 
soil containing a large amount of moisture will have a greater dielectric constant. 
Therefore GPR signals reflected from interfaces between the two parallel layers 
have different moisture contents will have greater amplitudes.  
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2.9 Pavement Failure 
 
Yearly pavement works expenditure is around A $3 Billion per year, or nearly 
half of the total annual road expenditure with a significant percentage of these 
costs allocated to road maintenance, (Austroads, 2002a). Most flexible 
pavements are expected to need some form of rehabilitation after approximately 
20 years of trafficking. After that time they are typically rutted with severe 
forms of cracking and deformation, and have poor ride quality. This 
significantly impedes on road user safety. 
 
The long term performance of pavements depends to a large extent on the 
prevailing moisture conditions in the pavement subgrade materials, the moisture 
conditions being more critical when the subgrade is expansive clay and the 
pavement materials variety is limited (waters 2002). Moisture and expansive 
soils cause many pavements to deform prematurely before their expected design 
life, many circumstances in the Toowoomba District reflect this. Road 
pavements have shown significant subgrade failures and a dire need for 
rehabilitation after 25 percent of design life, or approximately 4 to 5 years. Tests 
indicate that the subgrade is more susceptible to moisture ingress rather that the 
base or base course, particularly when the subgrade is expansive clay.  
 
The stability of unbound pavements materials generally decreases with 
increasing moisture content or Degree of Saturation (DOS). The DOS is a 
measure of the ratio of the volume of water to the combined volume of air voids 
and water within a material. A material with a DOS of 100 percent is fully 
saturated and has a high pore pressure and instability under load. It has been 
shown that high pore water pressures will develop within pavement materials 
where the DOS (Degree of Saturation) exceeds 80 percent (ARRB, 2003).  
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The Degree of Saturation (DOS) can be calculated using the equation: 
           
 
 
Where; 
S = Degree of Saturation (%) 
w = Insitu Moisture Content (%) 
= Density of Water (t/m^3) 
 = Bulk Dry Density (t/m^3) 
APD= Apparent Particle Density (t/m^3) as determined by AS 1289.3.5.1 
 
Structural failure is defined as the loss of the roads capability to carry loading, 
with the pavement being no longer able to absorb and transmit the wheel loading 
without causing further deterioration (Woods & Adcox 2002).  Functional 
failure is a term best used to describe the roads ability to not complete its 
original functional requirement, such as serviceability, ride quality, passenger 
transport, load capacity and skid resistance. Materials failure occurs due to the 
disintegration or loss of material characteristics of any of the component 
materials. The main types of pavement failure being either deformation failures 
or surface texture failures (Austroads 2000a). Road deformation failures can 
include depressions, rutting, shoving, potholes, and surface cracking and 
crossfall changes.  
 
According to the ARRB Transport Research centre, 2003, the presence of excess 
moisture in pavements can cause; 
 
 Shearing or bearing failure resulting in extensive cracking and shape loss 
 Premature rutting due to the material becoming unstable when too wet 
 Lifting or blow outs of the road surface due to positive pore water 
pressure 
 Embedment of the cover aggregate of the chip seal into the soft 
underlying pavement base resulting in severe loss of surface texture 
 Premature Fatigue cracking of any asphalt surfacing due to inadequate 
pavement stiffness.  
1
w
S
w
d APD



 
 
 
w
d
   40 
The Pavement Design Manual (QDMR, 2005) states that moisture in subgrades 
can cause 
 
 Surface deformation, increased roughness and potential ponding of water 
 Deformation in the pavement that can cause loss of density and loss of 
strength 
 Cracking that can allow the infiltration of contaminants, such as water 
and incompressible material.  
 
 
 
 
Figure 2.6- Moisture in Pavement, (Waters, 2002) 
 
 
Road pavement failures are briefly described below. Sound knowledge of this 
information allows the reader to thoroughly understand the severity of moisture 
affects on expansive subgrades.  
 
 
2.9.1  Depressions 
 
Depressions are generally localised within area of pavement, and not confined to 
trafficked areas. They commonly occur due to settlement of embankments 
(Particularly adjacent to bridge abutments), poorly compacted surface trenches, 
or due to moisture weakening the subgrade structure.  
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2.9.2  Rutting 
 
Rutting is described as the longitudinal deformation in the wheel path plates. It 
can be caused via a variety of means such as 
 
 Inadequate Compaction in surfacing 
 Plastic deformation of bituminous materials 
 Accelerated by the combined effect of high temperature and traffic 
volumes 
 Settlement of underlying courses and subgrade 
 Structural failure of subgrade. 
 
In Australia pavement design is conducted using an empirical or mechanistic 
design method for granular pavements with thin bituminous surfacing 
(Austroads 2004). Criteria used to measure stress are related to the structural 
performance of the pavement. The pavement is viewed to be experiencing severe 
failure and reaching the end of its design life when the pavement exhibits a rut 
of 25mm depth at the surface (Austroads 2007a). Rutting is not considered a 
failure until this threshold limit is reached.  
 
Rutting and serviceability criteria for a pavement are interconnected. Rutting can 
lead to water ponding and consequently a reduction in safety due to the 
increased risk of aquaplaning. Progression of rutting can also develop depending 
upon the maintenance applied into shoving. Shoving is bulging of the road 
surface generally parallel to the direction of traffic and or horizontal 
displacement of surfacing materials in the direction of traffic where acceleration 
or breaking occurs. Shoving is a direct indication of pavement failure and is an 
indicator of immediate rehabilitation needs.  
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2.9.3  Roughness 
 
Longitudinal surface roughness is defined as the deviations over the pavement 
surface compared to the designed surface grade. These deviations affect the ride 
quality, vehicle dynamics and the effect of dynamic loads over the surface. The 
difference between the theoretical surface heights and actual surface heights in a 
longitudinal profile may occur as a result of the construction process, road use, 
or in some cases a combination of both factors (U.S Dept. of Transport, 2006). 
 
The importance of longitudinal surface roughness in users‟ comfort perception 
has been considered since 1960. During the American Association of State 
Highway Officials (AASHO) Road Test, it was observed that 95 percent of 
pavement serviceability was related exclusively to the deviations of surface 
profiles (Haas et al). 
 
Roughness can be expressed as International Roughness Index (IRI m/km). The 
IRI is a statistic index that summarizes the surface deviations for just one wheel. 
 
2.9.4  Corrugations 
 
Corrugations are ripples spaced at regular intervals running transversely across 
the road. These are mostly found on unsealed roads, and are generally caused by 
either inadequate stability of the surfacing or base under traffic, or non-uniform 
compaction of the surfacing or base during construction. 
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2.9.5  Cracking 
 
Cracking consists of visible discontinuities in surface and can be an indication of 
the pavement‟s structural condition, or little more than an aesthetics problem 
(provided cracks are treated). The main problem occurring from cracks is 
moisture entry via the pavement surface, causing accelerated deterioration of 
pavement. 
 
Cracks are fissures resulting from partial or complete fractures of the pavement 
surface (NAASRA 1987). Cracking of road pavement surfaces can happen in a 
variety of different patterns ranging from singular cracks to interconnected 
alligator cracks.  
 
Surface cracks can be caused by a variety of different means; 
 
 Deformation 
 Fatigue life of the surface exceeded 
 Reflection of cracking in underlying layers 
 Shrink/Swell of underlying expansive subgrades 
 Poor construction Joints 
 
2.9.5.1 Cracking Resulting from Structural failure 
 
This generally occurs as closely spaced “crocodile” or “alligator” cracking 
resulting from fatigue failure of one or more pavement layers. It is generally 
associated with loss of pavement shape and severe subgrade expansion. 
 
It may reflect permanent severe deformation of the subgrade due to repetitive 
loading, instability in the upper pavement layers or repeated deflection causing 
fatigue in the surfacing. This fatigue may also be due to a pavement thickness 
that is inadequate for the traffic loading.  
 
Poor drainage may result in a wet base and/or subgrade. Water may be entering 
the base and/or subgrade from cracks or holes in the surface or from moisture 
seepage from the edge of the roadway.   
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2.9.6  Edge Effects 
 
Fretting refers to breakage of the surfacing edge and is usually a result of lack of 
support due to weakening of the pavement – often due to ingress of water or 
traffic running too close to edge. It may also be caused by inadequate edge 
support or a weak seal coat with a lack of adhesion to the base. 
 
Drop-off usually results from traffic running off the surfacing and abrading the 
shoulder material. It is often due to an inadequate lane width or traffic tracking, 
and is exacerbated by the presence of water. It may also be caused by inadequate 
edge support or a weak seal coat with a lack of adhesion to the base. 
 
2.9.7  Potholes 
 
Potholes are a dramatic indication of structural surface failure of the roadway. 
Local deflection testing may indicate if problem is due to lack of pavement 
strength or a problem with surfacing, such as inadequate thickness. Localised 
subgrade failure in expansive soils caused by severe moisture retainment is often 
a direct cause of potholing.  
 
Potholes result from expansion of a crack or break in the pavement surfacing, 
often as a result of severe crocodile (structural) cracking. Once water enters 
pavement layers, the base and/or subgrade becomes wet and unstable, and the 
resultant degradation leads to rapid growth of pothole area and depth.Water 
entering the pavement is often the direct cause, and could be caused by a 
cracked surface, high shoulders or pavement depressions, ponding water on the 
pavement surface, porous or open surface and many others.  
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2.9.8  Winging Up/ Cross fall Changes 
 
Winging Up of the pavement shoulders refer to the process in which moisture 
enters the carriageway via the road pavement shoulders and causes an apparent 
change in the crossfall of the road. This crossfall change usually commences at 
the outer wheel path and can often be severe. Cases have shown a negative 3.5 
percent cross fall from the crown of the road to the outer wheel path in which it 
has changed to positive 3.5 percent. This causes road user safety issues as water 
often settles in the outer wheel path resulting in vehicles aquaplaning.    
 
2.9.9  Shoving 
 
Shoving is the bulging of the pavement surface parallel to direction of traffic, 
and may especially occur in areas of heavy braking and accelerating such as 
signalised intersections or steep grades. 
 
Shoving often represents gross deformation of pavement that may rapidly lead to 
disintegration. If the cause is not immediately evident, trenching may be 
necessary. 
 
Several causes of shoving are inadequate strength/stability of the surfacing or 
base material, or a poor bond between the pavement layers, meaning there is no 
force preventing movement of the layers. Expansion from subgrades often 
causes the bond between pavement layers to break and deform, once 
deformation has occurred shoving then becomes apparent.  
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2.10 Test Methods 
 
2.10.1 Introduction 
 
Pavement testing aims to provide information about the behaviour of the road 
pavement. This information may be used to determine the cause of a pavement 
failure, and to determine the best rehabilitation treatment.Testing can be either 
destructive or non destructive, depending on whether the pavement surface 
structure is disturbed or not.  
 
There are several testing procedures which can be used to adequately identify 
the soil characteristics of many expansive types of clay. By adequately 
identifying the soil characteristic of expansive clay, it allows design measures to 
be adopted which are specific to the soil type. Techniques available for 
quantitative characterization of expansive soils and prediction of volume change 
fall into 3 main groups, Soil Suction tests, odometer swell (or swell Pressure) 
tests and empirical techniques (Snethen 1980). 
 
 
Prior to summarising these methods, parameters that are often considered when 
evaluating a pavement are discussed. Further details about how these properties 
are tested are discussed in the following chapter, where the investigation method 
is developed. 
 
Austroads (2000a) states that road condition parameters may be considered to be 
in two categories, structural and visual. The distinction between these two 
categories is not precise, and majority of pavement failures would be identifiable 
by both categories. Road user and community parameters are those that are most 
often noticed by the road user through visual observation, even if there is no 
structural failure of the pavement evident.  
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The main public perception parameters are as follows: 
 
 Pavement surface shape (including roughness) 
 Skid resistance 
 Noise 
 Rutting and shape loss 
 Visibility of markings and reflectivity 
 Appearance 
 Water spray 
 
 
Structural parameters are those which indicate a problem with the structural 
capacity of the pavement, which demeans the structural integrity of the 
pavement. The main parameters that are often considered are pavement strength, 
cracking, serviceability and particularly ageing effects (life). 
 
For the purposes of this project, the parameters from the above lists that are 
considered most important are as follows: 
 
 Pavement surface shape (roughness) 
 Rutting and shape loss 
 Subgrade strength 
 Cracking 
 Crossfall changes (subgrade expansion) 
 
Queensland Department of Main Roads (2002c) states that the above factors 
may be reduced to three general road condition measures, which are: 
 
 Pavement shape, including the effects of roughness and rutting. 
 Pavement surface integrity, including cracking, surface texture, and 
skid resistance. 
 Pavement strength, which may be assessed using materials sampling 
and testing, or by measuring the pavement deflections. 
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2.10.2  Preconstruction Subgrade Testing 
 
There are many practices which can be used to test the pavement subgrade 
before the final seal is placed. This allows the constructor to see if the subgrade 
is at an adequate DOS or moisture level. An inadequate moisture level during 
construction can cause costly and result in premature failure. The QDMR (1993) 
believe that the following should be exhibited before placement of a seal or 
pavement surfacing.  
 
Proof Roll 
 
A specified test rolling procedure can be used to provide an indication of the 
stability of a pavement prior to surfacing. Assessment is made on whether or not 
visible movement of the pavement surface can be detected upon force from a 
drum or pneumatic tyred roller.  
 
Clegg Impact Value 
 
The ARRB (2003) research board state that another adequate test before 
construction of a pavement surface is the Clegg Impact Value (CIV). There are 
other similar devices on the market however the Clegg Impact Hammer is the 
most common used in Australia.  
 
The stability of a surface can be checked with a 4.5 kilogram Clegg impact 
hammer. This is a portable device consisting of a drop hammer fitted with an 
accelerometer that has been suitably calibrated to provide an indication of the 
strength at or near the surface of the pavement (ARRB, 2003) 
 
If the CIV calculated from six (6) to ten (10) randomly selected test sites is 50 or 
greater, then the pavement base should have sufficient stability to avoid 
excessive deformation of the surface shortly after opening to traffic. The Clegg 
hammer can also be used to detect isolated areas of moisture in subgrade which 
has not sufficiently dried.  
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2.10.3 Non Destructive Testing 
 
Deflection Testing is the most common form of non-destructive testing carried 
out on a road pavement. It assesses the strength of a pavement by indirect 
means, by measuring the response of the pavement to a loading. While the 
results are sometimes open to interpretation, it still may be a valuable form of 
testing to use. 
 
When using deflection testing, there may be a need to convert deflections using 
one method to the equivalent deflections using another method. Guidance on 
this matter is provided in Pavement Strength in Network Analysis of Sealed 
Granular Roads: Basis for Austroads Guidelines (Austroads, 2003a). 
 
As discussed earlier in „Monitoring of Moisture in Pavements‟ other common 
and successful forms of non destructive testing are Ground Penetrating Radar 
(GPR) and Time Domain Reflectometry (TDR).  Other Non-Destructive Test 
methods include surface profiling, visual examination and rutting and roughness 
data. Non Destructive testing is the preferable testing method which should be 
substituted for destructive testing wherever possible. Non-Destructive testing is 
cost efficient as it does not require reinstating the roadway.  
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2.10.4  Destructive Testing 
 
Mooney et al. (2000) has stated that destructive testing is often necessary to 
determine the true cause of a pavement failure. This is, because non-destructive 
testing, although useful, often cannot provide all necessary information to 
adequately identify failure mechanisms.  
 
Destructive testing must often be carried out using either trenching or coring to 
obtain samples. Subsurface profiles may be taken to see deformation of different 
layers, and to check that recorded layer thickness profiles are correct (Chen et 
al., 2003). 
 
Trenching also provides a visual view of the pavement layers, and an assessment 
can be made of the wetness of each layer, and any moisture at interfaces 
between them (Mooney et al., 2000). Specific testing methods available for use 
in Queensland are listed in the Materials Testing Manual (Queensland 
Department of Main Roads, 2002a). 
 
Literature sources relevant to testing available in Australia, are found in the 
AS1289 List of Testing Methods (Standards Australia, 2002), the Roads and 
Traffic Authority of New South Wales (2003),Vic Roads (2004b) and Main 
Roads WA (2004). These tests are currently mostly empirical testing methods, 
and as such the procedure used to carry out the test must be consistent to ensure 
results are not distorted. 
 
The general types of tests currently used by road agencies in Australia are 
discussed. Detailed information relating these tests can be found in the following 
chapters where the investigation methodology is developed. 
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California Bearing Ratio (CBR) 
 
CBR tests were developed in 1952 to assess the strength of pavement subgrades 
(Lacey, 1998). California Bearing Ratio is defined as the ratio of force required 
to cause a circular plunger of 1932mm
2
 areas to penetrate the material for a 
specified distance expressed as a percentage of a standard force (Main Roads 
2002) 
 
Test specimens are prepared from passing 19.0mm material using a compactive 
effort of 596 kJ/m
3
. They are then tested either in a soaked of unsoaked 
condition. The method allows for the determination of CBR Maximum Dry 
Density (MDD) and CBR Optimum Moisture Content (OMC) as well as the 
optional determination of swell and post penetration moisture content (Main 
Roads 2002). This test can be used to simulate climatic conditions and estimate 
the potential swell behaviour of expansive clays in its natural state (Fox 2002).  
 
The Pavement design process used for sprayed sealed granular pavements is 
particularly sensitive to the subgrade CBR assumed.  Austroads (2007) reports 
substantial variation in designs resulting from minor changes in subgrade CBR; 
a reduction in subgrade CBR of only 1% results in more than halving the 
expected design life. 
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 Dynamic Cone Penetrometer (Insitu CBR) 
 
This method follows the procedure for carrying out an evaluation of the Insitu 
bearing value of a sub grade for pavement design purposes (Main Roads 2002). 
The standard CBR test as described above is used to assess subgrade strength 
under varying simulated climatic conditions, whereas this method seeks to 
determine the subgrade strength in its natural undisturbed state.  
 
The Dynamic Cone Penetrometer (DCP) test gives a continuous record of the 
bearing value to a depth of 750mm below the existing surface level, without the 
need to excavate. This test is completed through the process of driving a 
Penetrometer to a depth of 750mm into the underlying subgrade material, 
commencing at a depth of 50mm. By dropping a 9.07kg weight onto a 16mm 
diameter vertical shaft and measuring penetration depth against number of 
blows, an Insitu CBR can be identified.  
 
The results shall then be plotted graphically of height (scale 10mm=50mm) 
against number of blows (scale 10mm = 2 blows). By use of a transparent 
overlay found in figure 4, section Q114B-1978 of the Main Roads Soil Testing 
Manual the equivalent California Bearing Ratio value can be estimated for each 
layer thickness.  
 
Tests can often be extremely variable and often provide results which are not 
indicative of the performance of the roadway if not carried out efficiently. The 
DCP test is a simple test which often has a high level of accuracy and provides a 
key indication of the direct performance of the roadway. 
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Hydrometer Test 
 
Fine grained soils such as silts and clays and have particles smaller than 60 (m.  
To determine the grain size distribution of a material >75(m sieve the 
Hydrometer method is commonly used. This test is important in determining the 
amount of clay present in a soil structure, therefore detailing the amount of 
plasticity and potential swell the material possesses.  
 
Soil is mixed with water and a dispersing agent, stirred vigorously, and allowed 
to settle to the bottom of a measuring cylinder. As the soil particles settle out of 
suspension the specific gravity of the mixture reduces. A hydrometer is then 
used to record the variation of specific gravity with time. By relating Stoke‟s 
Law, velocity of a free falling sphere to its diameter the test data is reduced to 
provide particle diameters and the percent weight of the sample finer than a 
particular particle size (www.civil.usyd.edu.au).  
 
The hydrometer test is usually discontinued when the percentage of clay sized 
particles has been determined. However, there are significant differences 
between the behaviour of the different clay minerals. To provide additional 
information on the soil behaviour further classification tests are performed. One 
such set of tests, the Atterberg Limit Tests, involve measuring the moisture 
contents of the soil at which changes in the soil properties occur. 
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 Loaded Swell Tests/ Consolidation  
 
The loaded swell test provides an indication of the moisture content, soil 
strength of a subgrade, and surface pressure required to suppress swell of a fully 
saturated soil. 
 
This test is a destructive test however can often be performed from samples in 
the road table drain as long as the soil is of consistent material characteristics to 
that of the subgrade of the roadway.  It involves pushing either 50 or 100 
millimetre diameter tubes into a soil sample in its natural uncompacted state, 
removing this soil sample and placing it into a container where simulated 
climatic conditions can be applied.  
 
The 50/100mm tube is cut into sections longitudinally of approximately 20mm 
thickness then placed inside a small circular container. The soil is wet 
continuously until it is fully saturated and ceases to expand. Once fully 
expanded loading is applied to the sample gradually until all moisture is 
removed from the sample.  
 
A graph of Air Voids (%) vs. Pressure (kpa) can be plotted and from this an 
estimation of the loading required to suppress expansion can be found. This 
loading value in kpa can then be related to a measurement of soil overburden.  
 
This test is useful in determining the active zone in the area in which the soil 
was sourced. If tubes are pushed at various known depths and moisture contents 
are taken on each of these, an approximation of the specific soils active zone can 
be determined from this.   
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Atterberg Limits 
 
In the year 1911 Atterberg proposed the limits (liquid limit LL , plastic limit PL 
and shrinkage limit SL ) of consistency in an effort to classify the soils and 
understand the correlation between the limits and engineering properties like 
compressibility, shear strength and permeability (Casagrande, 1932). The limits 
represent the water holding capacity at different states of consistency. 
 
The limits are the more prominent procedures for gathering information on the 
expansive nature and mechanical behavior of clay soils (Williams, A, 1958). 
The most useful classification data for identifying the swell potential of 
expansive subgrades are liquid limits (LL) and plasticity index (PI). The liquid 
limit is the water content at which a soil changes from the liquid state to a plastic 
state while the plastic limit is the water content at which a soil changes from the 
plastic state to a semisolid. 
 
The Plasticity Index is derived from the plastic limit and liquid limit and is 
represented by the equation below. 
 
IP = LL – PL………………………………………………………………… (1) 
 
 Liquid limit (LL) 
 
There are two methods to describe the liquid limit (LL) namely percussion cup 
method and fall cone method. In the percussion cup method, liquid limit is 
defined as the moisture content corresponding to a specified number of blows 
required to close a specified width of groove for a specified length (Casagrande, 
1932 and 1958).  
 
 Plastic Limit (PL) 
 
Plastic limit is the water content at which the soil begins to crumble when rolled 
into 3 mm threads. This is the minimum water content at which the soil will 
deform plastically. This gives an accurate representation of the minimum 
moisture content a clay subgrade can contain before deformation occurs.  
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Shrinkage limit (SL) 
 
The shrinkage limit is the water content dividing the semi-solid and the solid 
state of the soil. It is the water content at which further reduction in moisture 
content does not result into a decrease in volume of the soil mass.  
 
   
 
 
The shrinkage limit can be estimated by measuring the total volume, V, and the 
weight of the solids, ws.  
Then; 
 
 
Where   
Is the unit weight of water, and 
Gs is the specific gravity 
moisturecontent
weight of water
weight of solids
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2.11 Road Maintenance and Rehabilitation 
 
The maintenance costs for roadways on expansive soils are approximately 10 
times greater than for the same type of pavement constructed on a suitable, non 
expansive subgrade (Snethen, 1979). 
 
The Transportation Institute of Texas (1999) believes that it is difficult to 
implement practices which adequately deal with expansive subgrades upon first 
construction that are cost efficient and effective. It is believed that less money 
should be placed into the initial construction design to save money for the 
pavement rehabilitation, which is a more effective practice.  
 
Pavement rehabilitation is aimed at lowering the rate of deterioration, thereby 
leading to reduction in annual road agency cost (Ramanujam 1999). The quality 
and effectiveness of any rehabilitation technique should be improved to achieve 
this aim.  
 
Several rehabilitation practices which are often used by the (QDMR) is to 
reinforce the subgrade through lime stabilisation, lime injection, lime curtain 
and fabric reinforcement, reseal, open & dense graded asphalt overlays, and 
generally rehabilitate the entire road by often spending the same amount of 
money to rehabilitate as it cost to initially construct.  
 
A common effective form of pavement rehabilitation is the use of geotextile. 
Sealing clay subgrade using a relatively heavy duty geotextile is a technique 
which serves to maintain the structural integrity of the seal. Since the geotextile 
has significant tensile capacity and therefore does not tend to rupture when 
foundation material shrinks and swells beneath it (Ramanujam, 1999). 
 
VicRoads 2004, comment that often the best way to minimize rehabilitation for 
roads constructed on expansive subgrades is to implement procedures which 
minimise the effect of expansive subgrades during first construction. It is often 
viewed that implementing preventativepractices initially may incur a cost of 10-
15% more, however by doing this earlier it may result in significant 
rehabilitation savings (VicRoads 2004).  
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The ARRB Transport Research Centre state that the best way to minimize 
pavement deformation without spending excessive money on preventative 
techniques is control moisture in pavements during construction. Many 
professionals believe that controlling the moisture content of pavements during 
construction will reduce the risk of damage to the pavement and the loss of 
community benefits after the road is put into service (ARRB 2003).  
 
The ARRB Transport ResearchCcentre, 2003, state that to help prevent build up 
of excessive moisture during construction, the following preventative measures 
should be undertaken; 
 
 Allow time for the pavement surface to dry back 
 Program the works to minimize exposure to rain 
 Reduce the exposure of pavement material stockpiles to the entry of 
water 
 Minimise the period loose or not fully compacted pavement material is 
left in the road bed 
 Reduce the moisture content used for compaction 
 Minimise the amount of water required for surface preparation 
 Seal off the pavement surface as soon as possible 
 Use Impermeable pavement Bases 
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2.12 Construction Practices  
 
Where expansive soils exist, there is often little choice about incorporating them 
into earthworks.  The challenge to designers and constructers is to identify 
potentially expansive material and adopt appropriate usage strategies and 
corresponding moisture, density and process specifications to ensure that the 
materials are placed as near as possible to their long term equilibrium condition. 
 
 
The Pavement Design Manual (QDMR, 2005) states that there are several ways 
to deal with soil expansion, but often the most effective form is minimising 
moisture volume change (QDMR, 2005). Other alternatives may include; 
 
 Program future repairs and/or overlays 
 Reduce volume change potential of the subgrade and program future 
repairs and/or overlays 
 
It is generally accepted that minimising moisture change is preferred when 
dealing with; 
 
 High capital cost pavements 
 Pavements including stiff layers (lime stabilized) 
 Where intervention is expensive or difficult 
 
The difference between minimising moisture volume change and reducing 
moisture volume change is that reducing moisture volume change is the process 
by using extreme initial preventative measures, and minimising volume change 
is usually rehabilitation of existing roadways.  
 
The key principal in minimising moisture volume change is finding ways to 
implement drainage. This can be done through subsoil drains, surface drainage 
to minimise water infiltration, embankment containment and sealing the full 
width of the formation (QDMR, 2005).  
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There are three main mitigation options when constructing with expansive clays. 
Ramanujam J (1999) states that the three most common used practices are; 
 
 Prevent or limit moisture ingress 
 Change properties of the soil (stabilisation etc) 
 Suppress movement with overburden 
 
The crown of a carriageway rarely changes shape and cross section, this is 
mainly because it is located a distance away from potential moisture ingress 
from the road shoulders, as well as being the peak point on the road surface. The 
peak point indicates that it has the most overburden underneath the seal, which 
highlights the suppression which occurs. Loaded Swell Test (LST), can indicate 
the pressure required to suppress an expansive soil back to its original state 
before the moisture is introduced.  
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2.13 Southwest Queensland Guidelines to Construction on Expansive 
Soils  
 
A technical note based on the guidelines to the construction of type cross 
sections on expansive subgrades was developed in 2000 by John Kapitzke and 
Ian Reeves. The guidelines assume that moisture entry only occurs through 
seepage from the road shoulders (Reeves et al) and is focused on preventing 
moisture from entering the roadway rather than assuming it will enter and 
provide measures to remove it. The guidelines have been developed to suit the 
traffic, rainfall and environmental conditions of a low traffic volume rural road, 
but however can be applied to most roads located in Western Queensland. The 
guidelines believe that moisture entry can be avoided through a combination of; 
 
 Moisture Control Procedures 
 Pavement Material Properties 
 Type Cross Section (s) 
 
 
2.13.1 Moisture Control 
 
For adequate performance the moisture content must be kept near equilibrium so 
that the pavement at subgrade strength is maintained whilst subgrade swelling 
and shrinkage is minimised. By constructing at the soils equi level it prevents 
the soil from reverting to its EMC after a rainfall event. The preferred 
equilibrium levels of moisture content are shown in table 2.2.  
 
Table 2.2- Moisture Content Range (Reeves et al)  
 
Zone Moisture Content Range  
Zone % OMC (STD Comp.) 
Before Covering Equilibrium 
Base <70 35-50 
Subbase <70 35-65 
Embankment (top 300 mm) 60-85 
top 150<70 
70-95 
Embankment (below 
300mm) 
 70-95 
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Moisture contents higher than those shown in the previous tables will normally 
be required for construction at some stage. However for best road performance 
construction at these moisture levels is ideal. 
 
If a severe rain event occurs during construction, the moisture conditions will 
change and should be checked. When warranted one or more of the following 
remedial treatments should be adopted; 
 
 Allow time for drying 
 Use mechanical methods to assist drying 
 Treat the subgrade with quicklime to assist drying or if further rain is 
expected (hydrated lime is an alternative but 25% extra is required). 
 
2.13.2 Pavement Material Properties 
 
2.13.2.1 Untreated Materials 
 
High permeable pavement materials allow moisture entry and create edge effects 
up to 2.5m under the seal. Low permeability paving materials produce best 
performance.  Paving materials with an excess of fines will attract more 
moisture and create wider edge effects.  However paving materials with too low 
a fines ratio will also produce poor performance (Kapitzke 2000), they will have 
higher permeability as the voids are not filled and tend to be difficult to 
compact. Table 2.3 provides the preferred properties for base and sub-base to 
achieve a balance between low permeability and insitu strength.  
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Table 2.3- Preferred Properties (Kapitzke, 2000)  
 
Properties Base Sub Base 
53mm 100 100 
9.5mm 65-100 65-100 
2.36mm 40-100 40-100 
0.425mm 24-80 24-100 
0.075mm 12-30 12-40 
LS% 1.5-5.5 1.5-7.0 
LS x %<0.425mm 75-275 75-350 
%<0.075 0.32-0.50 0.32-0.55 
%<0.425 0.32-0.55 0.32-0.60 
%<0.075mm 0.15-0.45 0.15-0.45 
2.36mm 
%<0.075mm NA Min 0.45 
%<0.300mm 
 
2.13.2.2 Mixed Materials 
 
Pavement Material meeting the requirements of the Table 2.3 can occasionally 
be found in the environment; however often mixing is required to meet the 
required properties. Inadequate mixing materials may perform worse than if 
individual components were used alone. It is essential that soil types are 
matched correctly and that a suitable environment is used to mix the materials, 
for consistency.  
 
2.13.2.3 Treated Materials 
 
When pavement materials cannot be economically obtained naturally or by 
mixing, then treated binders such as cement, lime, fly ash and bitumen can be 
considered, often in combination. Stabilization methods can be categorized into 
physical, mechanical and chemical stabilization (Baran E and Meurphy HW, 
1984) 
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Lime Stabilisation 
 
Chemical alteration refers to the addition of chemical compounds that alter the 
characteristics of the clay mineral or clay-water combination which, in turn, 
reduces the potential expansiveness. Cementation by lime is the most effective 
and reliable chemical stabiliser for expansive clays. The major limitation to its 
routine use is the application of the chemical to sufficient depth (Snethen, 1980).  
 
           
Ash and Fiber Stabilization 
 
Trials have been conducted in Texas which experiment with using recycled 
wood and fiber ash to stabilise expansive soils. Several countries including the 
United States, Israel, India, South Africa and Australia have reported damages 
resulting from expansive soils (Nelson and Miller 1992). As a result of these 
issues occurring so vastly there have been many attempts at new stabilisation 
techniques.  
 
Ash stabilisation is a form of mechanical stabilisation which aims to strengthen 
the lattice work between molecules and prevent expansion. Trials conducted at 
the Dallas Fort International Airport in Texas and the South Arlington areas 
using class fly ash (F1 and F2), bottom ash, polypropylene fibers and nylon 
fibers improved soil properties including volumetric swell strain, swell pressure 
and shrinkage strain potentials. In both cases these improvements reduced the 
soil behaviour from problematic characterisation levels to non problematic 
levels (Koonnamas P et al, 2006)  
 
Other materials which have proven to also increase soil properties are; 
 
 Stabilization with Steel slag 
 Cement stabilisation 
 Stabilisation using Geotextile (He-Ping Yang et al, 2007) 
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Although all of the above improve soil characteristics, they all exhibit a common 
problem when related to road maintenance. Often after stabilisation of a base it 
becomes very brittle and hard to rehabilitate. However with adequate design and 
mixing quantities, the road should approach its design life without need for 
significant rehabilitation. 
  
Electro osmosis  
 
The concept of Electro Osmosis and Base Exchange with clay minerals is 
referred to as Electrochemical Soil Treatment (EST). The concept involves 
placing electrodes (anode and cathode) in a soil mass and applying a current to 
initiate moisture movement. A stabilising agent is then introduced into the soils. 
This treatment is best used when clay mass is highly localised with significant 
swell potential (Snethen, 1980). This treatment is effective however not cost 
efficient.  
 
2.13.3 Type Cross Sections 
 
Special design, construction, and maintenance recommendations which have 
their primary focus on minimising moisture infiltration are practical alternatives 
to be considered during the design and construction of the road. These may 
include but not limited to;  
 
 Increased pavement cross falls 
 Impermeable Batters/ paved shoulders 
 Impermeable Base courses and materials 
 Vertical moisture barriers 
 Drainage (surface and subsurface)  
 Avoid cut sections 
 Uniformity at subgrade discontinuities ( Granular soils should never be 
used as backfill material in expansive soil subgrades)  
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Figure 2.8 shows typical placement of where these measures are placed in a 
standard road cross section.  
 
Figure 2.7- Desirable Type Cross Sections (Kapitzke et al, 2000) 
 
2.13.3.1 Vertical Moisture Barriers 
 
Throughout Australia expansive soils are known to cause damage to light 
structures, such as residential dwellings, road pavements, and airfields. In 
Australia, moderate to highly expansive soils cover more than half the state of 
Victoria and produce significant maintenance problems to the state's road 
network (VicRoads 2004). Vertical moisture barriers have been used 
successfully in many cases across the United States to control movements 
generated from expansive soil subgrades. Field trials using moisture barriers 
have also been conducted successfully in Victoria, Australia. However, due to 
their expense, the treatment of using vertical moisture barriers has usually only 
been reserved for major highways. Recent technological investigations in 
Dooen, located in Northern Victoria, have been able to identify a cost efficient 
moisture barrier which can be adapted to local roads (Evans et al, 2004).  
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The role of a vertical moisture barrier is to stop the seasonal lateral migration of 
moisture to and from the subgrade beneath the pavement (Picornell & Lytton, 
1986).  To effectively stop this moisture migration the moisture barrier must 
extend below the depth of cracking or active zone and prevent the invasion of 
plant roots. The Moisture barrier is often placed underneath the road shoulder to 
a predetermined depth which is best recognised to prevent the migration of 
water to the centre of the road. Refer to figure 2.8, a vertical moisture barrier.  
 
 
Figure 2.8- Moisture Barrier 
(VicRoads, 2004) 
 
 
2.13.3.2 Surface Drainage 
 
The lack of adequate drainage is one of the most significant factors leading to 
volume change of expansive subgrade soils and thus damage to overlying 
pavement (Snethen, 1980). Surface drainage is the prime responsibility of the 
designer to ensure the designed cross section is at a gradient that is sufficient to 
not retain water, by providing adequate runoff.   
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2.13.3.3 Subsurface Drainage 
 
Subsurface water movement is generally less of a problem for expansive soils 
because of the very low permeability of the material, although precautions 
should be adopted for safety. 
 
2.13.3.4 Sealed Pavement Batters 
 
Sealed pavement batters are often used on road pavements with permeable base 
materials. Sealed batters reduce the severity of moisture ingress but will 
however, not eliminate it. The more uniform conditions created will reduce 
roughness increase rates and extend pavement life. Disadvantages include 
increased construction and reseal costs, damage from traffic and maintenance 
operations. Their use as a long term measure is not recommended universally, 
but they have a possible use as a corrective treatment on existing permeable 
pavements (kapitzke et al, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   69 
3 Methodology of the Investigation 
3.1 Introduction 
 
In this chapter the investigation method is developed.  Detailed investigation of 
the test procedures and construction practices regularly exhibited in road 
construction on expansive soils consists of an amalgamation of concepts, 
technologies, techniques and methodologies adopted from a number of sources.   
With a broad focus on collating, analysing and reviewing information from 
many sources and technologies, this methodology attempts to gain increased 
understanding of the performance of road pavements constructed on expansive 
soils. Increased understanding of the characteristics, behaviours, properties of 
expansive soils and subsequent increased ability to determine the potential 
behaviour of expansive soils as a road subgrade when exposed to moisture, will 
maximise potential learning‟s from this investigation.   
 
Development of the methodology for the viability of expansive soils as a road 
subgrade, how they perform, and what road designs best optimise pavement 
performance, required an overarching investigation into soil testing procedures 
along with a thorough assessment of road failures resulting from expansive soils, 
through use of a case study.  
 
The methodology used throughout this project was partly adapted from 
recommendations for further work made by the Main Roads technical note 
WQ35. This note highlighted the need for an investigation into the accuracy of 
soil testing procedures for expansive soils, and the potential for investigation 
into impermeable moisture barriers. Test methods determining the active zone of 
expansive soils in this region and the assessment of the accuracy of MR test 
procedures, stemmed from these recommendations.  
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3.2 Methodology Outline 
 
The required outcomes from the investigation are as follows;  
 
 A thorough investigation of the relationship between road pavement 
failures and expansive subgrades.  
 Comments on the adequacy of Main Roads current soil testing 
techniques for expansive subgrades, and make suggestions to improve 
these.  
 Comments on the adequacy of Main Roads current construction practices 
for expansive subgrades, and make suggestions to improve these.  
 Investigations of a pavement exhibiting failures constructed on 
expansive soils, and rehabilitation of this road.  
 
Table 3.1- Methodology Outline 
 
Element of Investigation and 
Analysis 
Data Source 
Determine Adequacy of test methods Lab testing → CBR Testing, Swell Testing, 
with varying Moisture, compaction, 
soaking period and depth of mould 
Identify if expansive soils likely to 
be an issue 
Site visit and Desktop Study 
Develop Geotechnical model  
(layer type and thickness) 
Investigation: 
Shallow boreholes and/or test pit 
Survey data 
Identify Type of Clay Mineral Lab testing → classification schemes 
Identify Active Depth Lab testing → Suction vs depth profile  
Published data (e.g. Fox 2000) , loaded 
swell testing 
Site Classification Lab testing → Moisture & depth data  
Lab testing → PI and LL information 
AS 2870 calculation of ys 
Calculation/estimation of expected 
movement 
AS 2870 calculation of ys 
survey of movement under existing 
embankments (Trenching and Profiling) 
Lab testing →Swell testing from CBR and 
Loaded Swell tests 
Rehabilitation of Pavement Pavement Design Manual (MR) 
Pavement Rehabilitation Manual (MR) 
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The systematic investigation method has five basic steps; 
 
 Plan the investigation 
 Conduct Testing and Investigations 
 Retrieve all relevant information and results 
 Analyse the results 
 Conclusions 
 
This can be further categorised into the following; 
 
 Plan the investigation 
 Review documents and literature both in Australia and Overseas. 
 Interview Personnel from Main Roads and other road authorities.  
 Conduct a forensic investigation of the soil testing procedures used by 
Main Roads 
 Conduct a forensic investigation of pavement failures on expansive 
subgrades, i.e. Toowoomba-Cecil Plains (TCP) Road 
 Research and discuss construction practices/guidelines used for road 
construction on expansive subgrades.  
 Use current rehabilitation practices to correct a road exhibiting severe 
failures.  
 Report on Outcome of Investigations 
 
It should be noted that often these steps are not carried out in sequence, but 
instead may occur simultaneously or at varying times, as depending on the 
circumstance of the project. A detailed summary of each of the steps in the 
investigation procedure is given below. 
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3.2.1 Planning the Investigation 
 
The first step in planning the investigation is conducting a general review of the 
problem. The possible scope of the investigation depends on the desired 
outcomes, and the strategic interest of the sponsoring organisation. Before 
determining procedures to be used to achieve the outcomes it was first important 
to decide on the limitation of the investigation. By limiting the investigations to 
the Toowoomba District and in particular, a specific section of roadway, it 
allowed for greater emphasis on direction, focus, and allocation of resources.  
 
The roadway was selected considering several parameters such as, the funds 
available for the investigation and rehabilitation, the magnitude of the failures 
on the roadway, the current risk to road users, the risk of further deterioration in 
the future and any future planned work. By selecting a roadway with severe 
structural failures it would guarantee that the results achieved through testing are 
reliable and clearly indicate the problem occurring in this region.    
 
Toowoomba- Cecil Plains Road 
 
Selecting a section of road pavement constructed on expansive subgrades for a 
case study allowed the investigation to narrow scope whilst providing 
consistency in all testing and investigation areas. The Toowoomba-Cecil Plains 
Road was selected as it was exhibiting severe structural failures and in need of 
road maintenance. Subsequent maintenance funding was accessible and allowed 
for all costs associated with wages, soil testing in both RoadTek Toowoomba 
and Main Roads Herston, and all other associated costs to be allocated to a job 
number. The Toowoomba-Cecil Plains Road job number is 67/324/302 and the 
section in specific is located between chainages 50-60.0 km.  
 
An investigation plan should be drafted, although this plan often changes 
throughout the duration of projects. The plan should address goal setting, 
budgeting constraints, operations planning and the investigative synthesis. This 
ensures that the project is kept to timeline and continuously meeting project 
objectives.  
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3.2.2 Review Documents and Literature 
 
Reviewing documents and literature is important in all forms of investigations as 
it allows previous work to be recognised, which subsequently decreases time in 
repeating investigations. This process also allows for the inspection of plans, 
such as pavement history, pavement materials information and specifications, 
and previous materials test results. Other relevant information such as 
construction records, traffic volumes and composition, soil or geological records 
and similar performance based assessments of roadways constructed on 
expansive subgrades, provide useful information. Publications, Abstracts and 
other like media from road agencies in both Australia and Overseas were also 
sourced and provided guidance on test procedures and constructive practices 
relevant to expansive subgrades.   
 
Collate all Information for the Toowoomba-Cecil Plains Road 
 
Gathering all relevant information on the Toowoomba-Cecil Plains Road such as 
original design plans, soil tests, costs, and pavement age allowed for a 
comparison of its current condition. This demonstrated the adequacy of the 
original design and construction practices, thus indicating the succession of The 
Department of Main Roads construction practices on expansive soils.  
 
3.2.3 Interview Personnel 
 
Formal and informal meetings with road agency staff at both Main Roads and 
other interstate agencies such as Austroads, allows for experience to be 
transferred. Information sharing is important as you can gather insight into other 
professional‟s opinions.  People in professions such as Inspectors, Road 
Designers, Site Foreman‟s, and Engineers, relevant to road authorities, all 
provide useful information. Throughout this project many experienced personnel 
were contacted.  
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3.2.4 Forensic Investigation of Soil Testing Procedures 
  
Main Roads currently conducts many soils test based on the Main Roads Soil 
Testing Manual. This soil testing manual alike many other national and overseas 
soil testing organisations find it feasible to complete standard 4 day soaked 
CBR‟s as a means for testing the swell potential of expansive clay. Through 
altering these test procedures by varying the duration the soil is soaked, the level 
of compaction the soil is exposed to, and the level of moisture in the soil before 
completing the CBR, the adequacy of this test method can be assessed. This was 
completed with the intent at proving that Main Roads current soil testing 
procedures are inaccurately predicting the swell potential of expansive soil and 
consequently resulting in designs which are incapable of sustaining the real life 
swell, once constructed. 
 
This investigation also involved completing several soil tests such as 
Hydrometer Analysis and Loaded Swell Testing, which are currently not 
regularly conducted by the Toowoomba arm of Main Roads. The aim of which 
is to encourage Main Roads to change their current testing practices, assuming 
the new results are more relevant. This was achieved by removing soil samples 
from the TCP Road and conducting several Loaded Swell Tests in the Main 
Roads Soil testing Laboratory in Brisbane. The results from these tests will also 
display the characteristic behaviour of the expansive soil in this region, the 
active depth, and will be discussed further through a forensic investigation of 
pavement failures.  
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3.2.5 Forensic Investigation of Pavement Failures 
 
The investigation into the pavement failures exhibited on the Toowoomba-Cecil 
Plains Road was completed through a series of destructive and non destructive 
test methods including, Atterberg grading, linear shrinkage, rutting and 
roughness, compressive cylinder testing, trenching, profiling (stringline and 
winging up), loaded swell, CBR and DCP test methods.  
 
The aim of this investigation was to emphasise the relationship between 
expansive subgrades, poor road pavement performance, increased maintenance 
expenditure and poor road user safety.  
 
Non Destructive Condition Survey 
 
Visual examinations were conducted over the entire length of the TCP Road. 
The pavement failures were examined in detail and the presence of moisture was 
noted. This was carried out to determine the degree of current failures and gain 
maximum information prior to any other testing being required. Using a spirit 
level the cross fall of the carriageway was measured at several offsets from the 
centreline, i.e. 0.5, 2.0, 2.5, 3.0 and 3.5m. This provided information on the 
deviation from the original constructed cross falls that had occurred from the 
subgrade expansion.  
 
The roughness of the roadway is a measure of the ride-ability and comfort to the 
road user. After many site visits for field testing it became apparent that the road 
exhibited a high roughness level compared to many local Toowoomba roads not 
constructed on expansive soils. 
 
GPR was originally envisaged to be used to identify moisture movements 
throughout the project however due to budget restraints and time restrictions it 
was unable to be acquired.  
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Destructive Testing 
 
The causes of failures were not conclusively determined from a visual 
investigation of the pavement and it was decided to carry out materials sampling 
and testing to gather further information about the failure mechanism and 
probable causes. The destructive testing included, but was not limited to, 
trenching and unbound granular materials testing. A key focus of this 
investigation is to provide a series of test results which display the poor 
performance of expansive soils as a road subgrade.  
 
The materials testing consisted of moisture content assessment, grading and 
plastic properties, strength and characteristic behavioural identification.  
Assessment of the subgrade CBR was also carried out by Dynamic Cone 
Penetrometer (DCP) Testing.  Additional quantities of samples were taken to 
determine strength of the materials from the trenches though means of soaked 
CBR and loaded swell testing. Loaded swell testing provides an indication of the 
CBR, swell potential and amount of pressure required to suppress swell. When 
taken at varying depths is can also show the active zone of the soil, which 
subsequently can provide information on design features, i.e. depth of moisture 
barriers, and depth of remove and replace.  
 
Visual examination of the pavement profile of two failures was able to be 
carried out during the trenching operation.  The visual examination also 
provided an indication of the moisture seepage from the road shoulders to the 
pavement centre, and allowed for a pavement profile to be constructed using a 
string line.  
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Determine Probable Causes of Failure (s)  
 
Complete certainty as to the cause(s) of the pavement failures being investigated 
was not possible.  Instead, the probable cause(s) were determined, and there 
were multiple factors that contributed to some failures. The obvious conclusion 
is that the failures are caused by extreme subgrade movement however the 
reasoning for the subgrade movement is not always conclusive.  
 
A number of distinct failure types were identified by the visual condition survey.  
Some failure types and probable causes were defined by the locality of the 
failures.  I.e. did the failures occur in floodway‟s or where severe surface 
cracking was evident? The moisture entry into the subgrade is of particular 
importance.   
 
Failure types unrelated to locality were more complex and information from all 
components of the Forensic Investigation was collated and analysed to 
determine the most likely contributory factors.  
 
3.2.6 Construction Guidelines for Expansive Subgrades  
 
 
Through researching the construction practices developed by other areas of Main 
Roads as well as other National and International Road Authorities, previous 
successful design procedures were identified. The Main Roads library in Spring 
Hill, Brisbane, contained numerous articles which described design parameters 
for road construction on expansive clays. The task was to identify the 
similarities between climatic zones and road usage conditions which could be 
related to the Toowoomba District. Particular emphasis was placed on the 
WQ35, South West Queensland‟s Guideline to Road Construction on Expansive 
Soils. Other national and international reports were also sourced and all relevant 
information documented.  
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3.2.8 Rehabilitation of Toowoomba-Cecil Plains Road 
 
The TCP Road was exhibiting severe failures after 2 years from the original date 
of construction. As mentioned in Chapter one (1) the TCP Road exhibited 
failures such as the „winging up‟ effect, rutting, excessive roughness and surface 
cracking. Failures were described in detail in the „Background‟ and explained 
how these failures if untreated, can result in serious public safety concerns. Part 
of the scope of this project was to research construction practices related to road 
construction on expansive soils. As this road was in need of urgent 
rehabilitation, the scope of the project was broadened to include the 
rehabilitation of the TCP Road, and current rehabilitation practices used on 
expansive soils were adopted.  
 
When selecting the best rehabilitation treatment is it first necessary to list a 
variety of feasible alternatives. These alternatives can then be subjected to 
greater detailed examination. Initially the alternatives were assessed with an 
economic comparison considering costs with construction, maintenance etc. 
Other factors which were also considered were public influence, timeline, traffic 
management and availability of plant and material.  
 
Treatments generally include surface treatments, overlays and insitu-
stabilisation. These treatments can be designed with guidance from the 
Pavement Rehabilitation Manual (Queensland Transport, 1992) or other sources 
as appropriate. 
 
Through researching current rehabilitation tactics used on roadways exhibiting 
failures from expansive subgrades and deciding upon the best form of treatment, 
a rehabilitation of the Toowoomba- Cecil Plains Road was completed. The 
surface treatment that was decided upon was to mill the shoulders back to 
surface level to remove the water ponding effect, and complete a standard 
bitumen seal and aggregate overlay. This maintenance process assumed that the 
subgrade had reached equilibrium moisture content and was not immediately 
expanding further, thus eliminating the need to reconstruct the road to its 
original cross fall of -3.5%.  
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This maintenance not only improved road user safety, increased structural 
integrity and extended the design life but after reporting, will emphasise the 
costs associated with road pavement rehabilitation and why it is necessary to 
decrease expenditure in this area wherever possible.  
 
3.2.9 Report on Outcome of Investigations 
 
A report on the outcome of the pavement failure investigation and soil testing 
investigations is produced. This enables others to learn from the design and 
construction failures and should help reduce the chances of a similar failure 
occurring in the future. Reporting will also provide Main Roads with relevant 
documentation to prove that their testing procedures need to be improved.  
 
The final report will include a general review of the project and its location, 
failure details, a description of all testing carried out, what the probable cause(s) 
of failure was deemed to be, how it could be prevented in the future, all test 
results, possible pavement rehabilitation options, and other successful 
construction practices relevant to expansive subgrades. 
 
The methodology developed for this study is reviewed and considered for its 
application to other new construction projects completed by the Department of 
Main Roads. 
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3.3 Plan the Investigation 
 
3.3.1 Introduction 
 
Planning the investigation is second to carrying out the investigation when 
considering importance. Without a well structured plan of how the investigation 
is completed, the opportunity for unexpected issues arising and problems 
occurring, is increased significantly. Planning ensures that the investigation 
carries out the intended tasks in a well managed time frame and at the lowest 
reasonable cost.  
 
From the onset it is important to know whether the aim of the investigation is to 
find in specific the details as to what causes expansive subgrades to result in 
road failures, or accept that it does and investigate more accurate test procedures 
to predict the swell potential, and research road designs based on this 
information. In most cases it is a combination of the above.  
 
While the investigation plan was changed throughout the investigation, the 
initial structure ensured that the main objectives were achieved.  
 
3.3.2 Review of the Problem 
 
Before any work could be carried out it was first necessary to complete a review 
of the Toowoomba-Cecil Plains Road. This review contained researching into 
the design features the road contained, the failures the roadway was exhibiting 
and any previous maintenance expenditure. 
 
Determining the types of failures the TCP Road contained determined which 
tests should be carried out to best identify the cause of the structural subgrade 
failures. It soon became apparent that there had been no previous maintenance 
work done on the roadway and that it was newly constructed. This indicated that 
the original designs were inefficient and unable to sustain the level of movement 
caused by expansive subgrade, hence there was a need to investigate the original 
testing procedures and the accuracy of Main Roads testing techniques used for 
expansive subgrades.  
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3.3.3 Scope of the Investigation 
 
The scope of the investigation changed as the project progressed. Originally the 
intent of this project was to investigate ways to construct roadways which best 
minimised the effects of expansive subgrades. After researching articles and 
conversing with professionals and other national and international road agencies, 
this project aimed to design a cross section and implement this design on a 
section of roadway with low traffic volumes. This section would then be 
monitored over time and the efficiency of the design critiqued. Due to funding 
restrictions in the new financial year the construction of the O‟Mara Road 
located at chainages 6.0 -9.0km on the Toowoomba- Cecil Plains Road was 
postponed. O‟Mara‟s Road was originally the intended to be the target road of 
these investigations.  
 
This project changed scope and aimed to pay particular focus to a newly 
constructed section of roadway titled the “Norwin Job” located at chainages 
50.0-60.0 km on the TCP Road. The intent of this investigation then expanded to 
include researching design parameters which best minimised expansion, yet 
also, investigate what caused the expansion and assess Main Roads testing 
procedures.  
 
The scope of this project also extended into the maintenance of roadways on 
expansive soils. Through researching common practices used in the 
rehabilitation of roads exhibiting the “winging up” effect, a design which was 
both costs efficient and structurally sound was implemented. This would allow 
all costs associated with testing to be funded by maintenance, and provided an 
opportunity for to apply construction research into practice.  
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Importance of the Toowoomba-Cecil Plains Road 
 
This is dependent on several factors including road class, which in Queensland 
may be National Highway, State Strategic, Regional, District, or a non state 
controlled road, maintained by the local council. The Toowoomba-Cecil Plains 
Road is a district road of moderate importance.  
 
Other factors which define the importance of the roadway are measurements of  
 
 HV (Heavy Vehicle Traffic) 
 AADT (Average Annual Daily Traffic) 
 
The Toowoomba-Cecil Plains Road has approximately 299 vehicles per day, of 
which, 20% are heavy vehicles. This road is of low trafficking, however exhibits 
a high level of heavy vehicles. In general the higher the AADT and Commercial 
Vehicles, the more important the road, since this means more people and freight-
carriers are using the road.  
 
Funds Available 
 
The university provides limited funding to all students completing research 
projects. As this project is sponsored by the Department of Main Roads 
Toowoomba all costs associated with the project are being funded by the 
department. The costs associated with the rehabilitation of the TCP Roads were 
in excess of $65 000 and were funded by the Road Maintenance Performance 
Contracts (RMPC). All soil testing and associated costs were funded by the 
Department. All time spent working on the project was completed at the author‟s 
own expense, however resources such as printing were also provided by the 
sponsoring organisation.  
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Failures on the Toowoomba-Cecil Plains Road 
 
The magnitude of the failure and its progression can often be measured if the 
failure is gradual over time. This is completed by Main Roads staff using 
information from asset management data programs. For example, information 
about State-Controlled Main Roads in Queensland is available from the ARMIS 
(A Road Management Information System) using the Chartview program. In the 
case of a rapid failure from subgrade expansion it is more difficult to determine.  
 
The main failures exhibited by the TCP road are listed below; 
 
Roughness 
 
The extent of this level of failure is often difficult to determine, however it is 
most often the failure first determined by the road user. This type of failure 
causes discomfort and considerable strain to vehicles. Heavy vehicles are most 
often adversely affected by roughness as opposed to light vehicles. Roughness is 
usually measured by a Network Survey Vehicle (NSV). Roughness is a general 
measure of the deviation of the longitudinal road profile from the design. (The 
hog in the road) 
 
Rutting 
 
Rutting is the permanent downward deformation of the surfacing within wheel 
paths. This is also measured with a Network Survey Vehicle. 
 
 
 Figure 3.1- Image of a rut occurring on the TCP Road at chainage 57.6 km 
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Magnitude of Rut 
 
The exact level of deformation can be measured using a specially equipped 
vehicle that can give exact values of rutting depth or depressions using laser 
profiling. Ruts can also be scaled more conveniently and cost efficiently, using 
manual methods, such as a straightedge and level. Terminal rutting values are 
suggested in the Pavement Rehabilitation Manual (Queensland Transport, 
1992), shown Table 3.2.. 
 
Table 3.2 - Terminal Depth of Rutting required for rehabilitation 
 
Road Type Terminal Rut Depth 
(mm) 
Length of Road 
Exhibiting Terminal 
Rut Depth (%) 
Heavily Trafficked 
(>2000 vehicles per day) 
20 20 
Lightly Trafficked 
(<2000 vehicles per day) 
30 20 
 
The roughness currently displayed by the TCP Road largely exceeds these 
conditions. Over the last four (4) years rutting and roughness values have 
progressively worsened and hence highlighted the need for immediate 
rehabilitation. The rutting information for the TCP Road is as follows; 
 
Table 3.3- Rutting and Roughness Values of TCP Road 
 
Date Roughness Rut AVG (mm) Rut MAX (mm) 
Jan 2004 147 16.4 45 
Jan 2006 142 21.5 49 
Dec 2006 128 20.4 46 
 
From the above information it can be seen that the maximum rutting values far 
exceed the limiting rutting values provided by the pavement rehabilitation 
manual. This further highlights why the TCP Road was selected for this 
investigation.  
   85 
Winging Up 
 
This is the process in which the underlying road subgrade expands causing a 
change in the as constructed crossfalls of the roadway. The crossfall changes 
were measured with a spirit level at predetermined intervals. Winging Up is a 
safety concern as it forces water to settle on the roadway, often in the outer 
wheel path, consequently resulting in aquaplaning.  
 
 
Figure 3.2- Image of Crossfall changes on the TCP Road 
 
 
Figure 3.3- Image of pavement edge rising on the TCP Road 
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Surface Cracking 
 
Expansive subgrades have a severe propensity to swell and shrink with moisture 
variations. This swelling and shrinking motion often places strain on the road 
seal and causes longitudinal surface cracking.  
 
All of the above mentioned failures were investigated thoroughly throughout 
this project as they provide a clear indication of the level of severity that 
expansive subgrades can have on the condition of the roadway.  
 
Risk to Road Users 
 
Main Roads has an ethical responsibility to wherever possible, minimise the risk 
of road user safety. The Toowoomba-Cecil Plains Road was, before 
rehabilitation, in many professionals‟ opinions a danger to the public. The large 
ruts forced heavy vehicle traffic to traverse across the centre line in some places, 
and the winging up of the pavement edge ponded water in the outer wheel path.  
 
Main Roads has an ethical responsibility to investigate the causes of these types 
of failures, and wherever possible minimise the chances of it reoccurring.  
 
The Investigation Team 
 
Throughout this project it was necessary to enlist the help of many professionals 
to achieve the required objectives. Staff from Main Roads soil laboratories in 
both Toowoomba and Brisbane assisted in conducting soil testing, and many 
experienced staff members offered guidance throughout.  
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3.4 Review Documents and Literature 
 
3.4.1 Introduction 
 
This section discusses all relevant documents and literature that should be 
reviewed when investigating expansive subgrades, and in particular pavement 
failures and testing procedures related to expansive subgrades. The information 
found in this step often provides an indication of the testing which should be 
carried out, or can even negate the need for testing.  
 
Relevant documents can be broken down into several sections including, 
 
 National Documentation/Literature 
 International Documentation/Literature 
 Departmental Documentation/Literature 
 
3.4.2 National Documentation/Literature 
 
More than half of Australia‟s Vertosols are found in Queensland, where they 
occupy 28% of the State‟s total area. Vertosols are clay soils (>35% clay) with 
shrink-swell properties that cause deep and wide cracking on drying. The soils 
vary in colour - black, brown, grey, red and range from strongly acid to highly 
calcareous. Australia has a greater area and diversity of Vertosols than any other 
country in the world.  
 
Due to the large variety of Vertosols or expansive clays spread throughout 
Australia and Queensland, there has been a need for extensive research in this 
area. Many State Road Authorities along with many private engineering and 
construction companies have faced the issue of construction on reactive soils.  
 
Many experienced engineers and professors such as Main Roads; John Kapitzke, 
Ian reeves, Ramanujam J and Harry Murphy, have written many technical notes 
and reports in the area of expansive soils. These reports were referred to 
throughout this project for the literature review and background, and also for 
historical purposes and guidance with construction techniques.  
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Organisations such as the Australian Road Research Board (ARRB), Austroads, 
National Association of Australia State Road Authorities (NAASRA), Roads 
and Traffic Authority of New South Wales and VicRoads have all written vast 
documentation related to expansive subgrades and road construction on 
expansive subgrades. These sources all provided useful information in 
determining which road construction practice has had the most success in 
construction on expansive soils. All sources indicate that lime stabilisation and 
vertical moisture barriers, when used efficiently, can negate the ingress of 
moisture into road shoulders.  
 
Other relevant sources of information included published journal articles or 
articles sourced from the internet. These are useful sources of information 
provided they are reliable internet sites. Significant research of internet sites was 
complete throughout this project and all relevant information was cited in the 
references.  
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3.4.3 International Documentation/Literature 
 
The main source of international literature used was that of the Texas Institute of 
Transport (TIT). The Texas Institute of Transport is responsible for many of the 
standards adopted by Austroads when completing the Austroads Design Manual.  
This is partly because of their similar soil structure, but also because of their 
advances in soil science and research.  
 
Other American states such as California have also contributed too many of 
Australia‟s soil testing practices. The main testing completed throughout this 
project was the CBR or California Bearing Ratio Test. This test was as its name 
implies originally developed in 1952 in California. The CBR was adopted by 
Australia as a subgrade strength test as California has many similar soils which 
can be related to Australia‟s own.  
 
Throughout the investigation of construction practices on expansive subgrades 
many overseas literature on road construction was viewed. Countries such as 
South Africa, China, America, all have similar soils and have trialed and 
implemented many pavement cross sections with some success.  All information 
was taken into consideration and contributed to the decision making behind the 
tests that were completed during the forensic investigation of both the expansive 
soils located at the TCP Road and Main Roads testing procedures.  
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3.4.4 Departmental Documentation/Literature 
 
3.4.4.1 Plans 
 
Plans were used to investigate the design of the TCP Road. Plans provided 
information on the pavement layers, thickness, crossfalls, design life and any 
special design features adopted. The TCP Road consisted of many flood plains 
which as a design consideration had geofabrics placed underneath the seal. Other 
design features used in the construction of the TCP Road was the use of lime 
stabilisation. The chainages of these features were important to know as to avoid 
them during trenching and testing operations. When assessing pavement failures 
the location of design features were used in determining their success. By 
comparing the chainages of the failures with the chainages of the lime 
stabilisation and geofabrics a visual Performance Based Assessment was able to 
be carried out.  
 
Plans were also researched to investigate the success of other roadways 
experiencing failures from expansive subgrades.  In general many pavement 
cross sections designed in the Toowoomba District are similar and is the 
defining reason for the consistent failures of roads constructed on expansive 
soils in this region.  
 
3.4.4.2 Pavement history 
 
The pavement history of the TCP Road was obtained from an asset management 
program, such as the ARMIS system is used by the Queensland Department of 
Main Roads.  
 
The information provided by the program consisted of the initial date of 
construction, the AADT, percent Heavy Vehicles (HV), rutting, roughness and 
maintenance costing. The information can be assessed visually from the program 
interface or can be exported to a spreadsheet. The information for the TCP Road 
was visually examined and exported to a spreadsheet as this allowed for a more 
detailed analysis of average rutting and roughness as well as maximum rutting 
and roughness.  
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Figure 3.4 – A typical display of the user interface of the ARMIS program  
 
3.4.4.3 Soil and Geological Information 
 
The Department of Main Roads has several documents which describe the soil 
classification process. During the construction of the test pit it was necessary to 
complete a geotechnical log of excavation and classify all soil characteristics 
and types. Main Roads document GEOT017 was used to classify the soil based 
on colour, texture and moisture. The Main Roads standard Test Pit Log was then 
used to record this information, and can be found in the appendices.  
 
Photos were taken on site, however these reports provide a more accurate and 
detailed representation of the soil and can be referred to at a later date when 
compiling reports.  
 
Materials Test Results 
 
Significant testing was completed throughout this project and as a result it was 
necessary to complete accurate testing reports. All reports were compiled with 
the supervision of Main Roads Geotechnical Engineering staff and can be seen 
in the appendices. These reports consist of the testing completed, the 
characteristics of the soil sample and all testing results.  
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3.4.4.4 Pavement Materials Information 
 
Before the maintenance of the TCP Road was commenced it was first necessary 
to review all Main Roads specifications and decide on a rehabilitation technique 
which would best optimise performance, minimise expenditure and maximise 
the design life. Specifications for material properties are given by most road 
agencies. The Department of Main Roads uses the following in designing road 
pavements similar to the TCP Road 
 
 MRS 11.04 - General Earthworks 
 MRS 11.05 - Unbound Pavements 
 MRS 11.07A- Insitu Stabilised Subgrades using quicklime or hydrated 
lime (12/06) 
 MRS 11.11- Sprayed Bituminous Surfacing (12/99) 
 MRS 11.17 - Bitumen 
 MRS 11.22 - Supply of Cover Aggregate 
 
It should be noted that compliance with these specifications does not guarantee 
the design life, performance and structural adequacy of the roadway. The 
specifications are continuously adapting to reflect updated technology and 
research. The specifications can be recognised to be a guide, at the current date 
of publishing, to providing a satisfactory road pavement.  
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3.5 Interview Personnel 
 
3.5.1 Introduction 
 
To optimise the knowledge achieved in research and development it is necessary 
to investigate a variety of different resources. A key resource in all workplaces is 
the experience and knowledge of others around you. The Department of Main 
Roads consists of many professional persons with experience in a broad range of 
areas such as, design, inspecting, construction, engineering and maintenance.  
Through liaising with these staff members this project gained benefits from the 
experience of others which it otherwise would not.  
 
3.5.2 Designers 
 
Consultations with design teams provide useful information about the design of 
projects such as the TCP Road. Relevant information such as the assumptions 
made during the design, and where information on the local conditions were 
sourced, are important in determining why the roadway was designed in a 
certain way.   
 
The design team in The Department of Main Roads Toowoomba were consulted 
to discuss the design features which were incorporated into the Toowoomba-
Cecil Plains Road and why they were incorporated. The designers were also 
asked to provide useful opinions as to why the road was failing prematurely and 
why the design wasn‟t functioning efficiently.  
 
Experienced designers were also asked to provide information on what they 
believe is the best way to construct roadways on reactive subgrades.  
   94 
3.5.3 Construction Personnel 
 
Important personnel to interview might include the engineers, inspectors, and 
the laboratory or materials officers. These personnel may be able to provide 
information such as construction practices, testing methods and frequencies, a 
visual description of the materials used, and access to construction diaries. 
 
In addition to the above information, they should know of important dates and 
events during construction, any important correspondence, and any changes 
made to the pavement or surfacing design for construction reasons. 
 
Inspectors 
 
Inspectors are an important source of information as they generally have a 
construction background and can provide knowledge based on, in their 
experience, what has and hasn‟t worked in the past. Several Main Roads 
inspectors were consulted to comment on previous road construction jobs in the 
Toowoomba District which were constructed on expansive subgrades. The 
inspectors were asked to provide information on roads constructed on expansive 
subgrades which were successful and if construction onsite was completed 
differently to the provided plans. Several jobs were identified and several design 
features were recognised as being more successful than others.   
 
Soil Testing Personnel 
 
Throughout the forensic investigation of Main Roads soil testing practices and 
the investigation of the volumetric properties of reactive subgrades several soil 
testing staff members were continuously consulted.  
 
The RoadTek soil lab was useful in providing information on previous testing 
completed on similar jobs to the TCP Road, as well as providing experience and 
guidance on testing and test procedures relevant to expansive subgrades. As tests 
were being completed which had not been previously used by the RoadTek Soil 
lab they were also eager to learn and subsequently a support network developed.  
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3.5.4 Maintenance Personnel 
 
Maintenance personnel are useful in providing valuable knowledge about similar 
design failures in the past and their causes, as well as successful rehabilitation 
treatments. Several maintenance staff members were consulted throughout the 
duration of this project. Maintenance experience was provided in the area of 
expansive subgrades and was adopted and applied to the rehabilitation of the 
TCP Road.  
 
3.5.5 Other Personnel 
 
At a pavement design course provided by the Department of Main Roads in July 
2008, an informal meeting was conducted with several inter-state road authority 
staff members. These staff members were from companies such as Austroads, 
Road Transport Authority (RTA), and other Main Roads District offices across 
the state. This meeting provided useful information relating to design practices 
which had been used in other states to minimise the effects of expansive soils. 
Austroads staff is particular provided relevant information on trials using 
vertical moisture barriers conducted throughout in Dooen, Victoria.  
 
The Department of Main Roads new pavement design manual is provided by the 
Australian road authority Austroads. Keynote speakers provided information as 
to where the criteria for design of expansive subgrades were sourced, and the 
history behind the compilation of the Austroads manual. Many conditions in the 
Austroads manual are based on information provided by Texas Transport 
Authorities, and these authorities were referred to throughout the duration of this 
project. 
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3.6 Forensic Investigation of Main Roads Soil Testing Procedures 
 
3.6.1 Introduction 
 
The forensic investigation of Main Roads soil testing procedures aims to review 
the adequacy of the current soil testing practices used to determine the 
expansiveness of reactive clays in the Toowoomba District. The current testing 
procedures used both internationally, nationally and Departmentally by Main 
Roads is the standard 4 day soaked CBR test. The Main Roads specifications 
also define a 10 day soaked CBR test, however after consulting with many 
testing professionals it has been recognised that the general consensus is that this 
test is not cost efficient and provides results which differ minimally from the 4 
day test. This may be truthful when testing standard granular pavement 
materials; however it is not correct when dealing with expansive clays.  
 
Often after a significant rainfall event water collects in the table drain, and in 
areas with undulating topography. This water tends to pond in the table drain for 
extended periods of time. Although the summer months provide a more rapid 
rate of evaporation then winter, the table drains often retain water for periods 
larger then both 4 days and 10 days.   
 
CBR tests aim to simulate the climatic conditions occurring naturally in the 
environment. A CBR test aims to determine the subgrade strength in MPa, 
however by applying a swell gauge at set time intervals daily a measurement of 
the swell behaviour of the soil can be determined. A 4 day soaked CBR assumes 
that soaking expansive clay for 4 consecutive days, the maximum soil swell will 
be achieved. This assumes that the peak exposure of the soil to moisture in the 
natural environment is 4 days, which often is not the case.  
 
Significant rainfall events in February resulted in retention of water in the TCP 
table drain for periods of up to 2-3 weeks. This highlights the inaccuracy of the 
assumption that a standard 4 day soaked CBR is all that is needed to determine 
the expansiveness of Vertosols in this region. By exposing the soil from the TCP 
Road to extended periods of soaking in both a 4 day period and 10 day period a 
comparison was able to be achieved and recommendations made. 
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3.6.2 Development of Test Methods 
 
It has been noted by many experienced Main Roads staff and road engineering 
professionals that there are other contributing factors to the expansiveness of 
road subgrades other then the period of soaking. Many technical notes have been 
written detailing the belief that the level of compaction during construction, the 
moisture content of the soil preconstruction, and the amount of loading the road 
is subjected to, all contribute to the expansiveness of the clay. These theories are 
simulated through a variety of altered CBR tests.  
 
3.6.2.1 Determining OMC and MDD 
 
Before completing testing it is necessary to determine the Optimum Moisture 
Content (OMC) and the Maximum Dry Density (MDD). By performing a series 
of tests at OMC it allows for consistency across testing, which also provides the 
opportunity to change other parameters such as loading and compactive effort 
without considering moisture as a variable.  
 
OMC and MDD are calculated by determining the dry density and moisture 
content of a series of samples and plotting these on a graph. Firstly the initial 
moisture content of the soil was calculated then all soil samples were completely 
dried through exposure to sunlight over a period of 3 days.  
 
 
Figure 3.5- Drying out of the soil samples 
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Samples were then split into 6 x 12 kg sections, 6kg for 4 day and 6kg‟s for 10 
day testing. 6%, 8%, 10%, 12 %, 14% and 16 % moisture was then added to the 
samples to ensure a range of moistures during testing. The initial moisture 
content and dry density was calculated. These values were then plotted and the 
OMC and MDD determined. The relationship between OMC and MDD can be 
seen in figure 3.6. 
 
  Figure 3.6 – Relationship between OMC and MDD 
 
 
All soil collected from site was thoroughly mixed through a mixer to ensure 
consistency when considering initial moisture content. The soil samples used for 
the 4 day and 10 day soaked CBR swell tests can be seen in figure 3.7 
 
 
 
Figure 3.7 - CBR Soil samples once mixed 
   99 
3.6.2.2 Standard Soaked CBR 
 
As mentioned in the introduction the first step in determining the adequacy of 
the current testing procedures was to perform a 10 day soaked CBR and 
compare the results with that of the 4 day soaked CBR. All soil samples were 
collected from the table drain of the TCP Road at the same time as to maintain 
consistency throughout. 
 
According to many articles varying the moisture content of the expansive 
subgrade before construction has an effect on the expansiveness of the subgrade 
during its design life. It is believed that clay soil has equilibrium moisture 
content (EMC) which it achieves naturally over time. By overdying the clay 
before construction and placing a seal over the surface, the clay attracts water 
through the pavement shoulders over time as it tries to reach its EMC and an 
equivalent Hydraulic Grade Line (HGL). Reciprocally by wetting the clay to its 
EMC before construction it is believed that subgrade expansion will be 
minimised, however this is often hard to achieve for constructability purposes. 
By simulating these conditions in a controlled environment the accuracy of these 
common beliefs was able to be determined.  
 
The testing which was conducted first is listed below;   
 
 1 x 6 point standard soaked CBR (4 Day) 
 1 x 6 point standard soaked CBR (10 Day) 
 
The six (6) points describe six (6) different CBR moulds each consisting of 
different moisture contents, i.e. three on the dry side of the Optimum Moisture 
Content (OMC) and three on the wetter side of OMC. The testing procedures 
used to determine the optimum moisture content can be found in the Main Roads 
Materials testing Manual 2002. The Optimum Moisture Content (OMC) and the 
Maximum Dry Density (MDD) were determined to be 36.0% and 1.3t/m
3
 
respectively. The 6 different points for both the 4 day and 10 day soaked CBR‟s 
were calculated by the addition of the previously mentioned moisture contents. 
The moisture contents after the additional moisture are listed as follows;  
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4 Day Soaked CBR Moisture Contents 
 
1. 31.5% Moisture Content 
2. 34.0 % Moisture Content 
3. 36.9% Moisture Content 
4. 39.1% Moisture Content 
5. 42.9% Moisture Content 
6. 43.7 % Moisture Content 
 
10 Day Soaked CBR Contents 
 
1. 31.5% Moisture Content 
2. 34.0 % Moisture Content 
3. 36.9% Moisture Content 
4. 39.1% Moisture Content 
5. 42.9% Moisture Content 
6. 43.7 % Moisture Content 
 
Initially the addition of 0%, 2%, 4%, 6%, 8%, 10% water was added to the soil 
samples however due to the propensity of the soil to retain water this was not 
enough to exceed OMC. Exceeding OMC was achieved through a process of 
guess and check and was repeated until the clay moisture was believed to be in 
excess of the OMC. For the purpose of the experiment set moisture contents of 
each sample was not defined, and several arbitrary samples on the dry and wet 
side of OMC were sufficient, this can be seen in figure 3.8.   
 
The swell of each soil sample was measured daily using a standard swell gauge 
at 24 hour periods for 10 consecutive days. When the swell became too 
excessive to measure with the gauge, it was necessary to apply spacer discs on 
the top of the mould. Each spacer disc was approximately 150mm in diameter 
with a thickness of 5mm; this can be seen in figure 3.9. Three spacer discs were 
used on several moulds due to the severity of the swell.  
 
 
 
   101 
 
 
 
Figure 3.8- Wetting the soil sample to the required moisture contents 
 
 
 
Figure 3.9- CBR test samples with swell measurement gauge and spacer 
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At 4 days and 10 days the total swell was calculated and recorded. The 
maximum swell (%) was determined using the following formula; 
 
2 1
1
2
100
117
;
 (%)
 initial dial gauage reading (mm)
 Final dial gauage reading (mm)
r r
S
where
S Swell
r
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3.6.2.3 Surcharge Loaded CBR 
 
It is widely assumed that loading expansive clays suppresses the expansiveness 
of the soil. In general placing several meters of overburden above an expansive 
soil is believed to contain enough dead load to significantly suppress the soils 
potential to swell when exposed to moisture. By applying surcharge loading to a 
series of CBR moulds at OMC for 10 days the feasibility of applying overburden 
to expansive clay to minimise expansion was able to be determined, and to what 
extent of loading was necessary to achieve this.  
 
The CBR tests with applied loading consisted of the following; 
 
1. 1 x 1 point standard soaked CBR at OMC (no surcharge) 
2. 1 x 1 point standard soaked CBR at OMC (0.5 surcharge) 
3. 1 x 1 point standard soaked CBR at OMC (1.5 surcharge) 
4. 1 x 1 point standard soaked CBR at OMC (2.0 surcharge) 
 
The surcharge weight has a mass of approximately 2250 g and can be scaled to 
approximate overburden. The swell (%) was calculated after 10 days and 
graphed to determine whether loading impacts swell potential of reactive clays. 
All swell measurements were completed daily at 24 hour periods as mentioned 
in the previous section.   
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3.6.2.4 Varied Compactive Effort 
 
Research indicates that expansive subgrades have the potential to mimic the 
reactions of a spring if over compacted. The soil retains the potential energy and 
rapidly expands when moisture is introduced. Studies show that through 
excessive compaction of the soil the air voids are removed. Constructing a 
roadway on clay subgrade that still contains air voids has benefits when 
moisture is introduced, that is when the soil expands it tends to fill the air voids 
first and then begin to expand in surface area. If there is no air voids in the soil 
structure the soil surface area begins to increase instantaneously.  
 
Main Roads standard compactive effort on site is 100% compaction. Decreasing 
this compaction to 97% and introducing varying moisture content the 
expansiveness of the soil is able to be determined. This test is an assessment of 
the construction practices of Main Roads rather then its test procedures.  
 
To simulate 97% compaction in the CBR mould the same number of blows was 
maintained however the hammer was only lifted to ¾ of the maximum height.  
 
The tests completed were as follows; 
 
1. 1 x 1 point standard soaked CBR at OMC 
2. 1 x 1 point standard soaked CBR at 85% OMC 
3. 1 x 1 point standard soaked CBR at 120% OMC 
 
The benefits of changing the moisture contents enabled the theory that decreased 
compaction can sustain an increase in moisture content that 100% compaction 
could not.  
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3.6.2.5 Altered Depth of CBR Mould 
 
To ensure that the moisture was penetrating the entire depth of the CBR mould 
the soil sample size was decreased to one third its original volume. This was a 
process to test the accuracy of the CBR test and ensure that maximum moisture 
penetration was achieved.  
 
After the 10 day period each CBR sample was cut into thirds and moisture 
contents were completed on each section. This was carried out to assess how far 
moisture was penetrating into the mould during the test. If moisture was not 
penetrating the whole sample then it can be assumed that the swell potential of 
the soil is grossly underestimated.  
 
 
Figure 3.10- The CBR sample cut into thirds to assess moisture penetration 
 
   105 
3.6.2.6 Loaded Swell Testing 
 
The methodology behind this test procedure involved completing a comparison 
of the loaded swell testing, with the CBR test method. Currently Main Roads in 
Toowoomba uses Soaked CBR‟s to determine the swell potential of reactive 
soils, whereas the soil laboratory for Main Roads in Herston, Brisbane, uses the 
loaded swell test. The Loaded swell test provides an unconsolidated swell 
measurement or the soil in its natural undisturbed state, whereas the CBR test is 
consolidated.  
 
The procedure behind the loaded swell test is described below; 
 
1. Push 50mm tubes into your desired soil sample 
2. Extract the soil from the tubes and cut into 20mm thicknesses 
3. Place in a container and add moisture until soil ceases to expand 
4. Apply loading until soil returns to its original state and volume 
 
On the 30/7/2008 a contracting excavator company was contracted by Main 
Roads to provide a 20 tonne excavator to dig a test pit. Soil samples were taken 
from a test pit 2.5m deep at 0.5m intervals. i.e. 0.5m, 1.0m, 1.5m, 2.0m and 
2.5m. 2.5m.These intervals were selected as Nelson and Miller 199, state that 
Toowoomba is located in a dry type four (4) climate with an active zone of 
approximately 3.0m.  
 
 The above mentioned process was then applied to each sample and the swell 
percent (%) determined. The samples were collected at a variety of different 
depths to determine the active zone of the soil on the TCP road and in general, 
the Toowoomba District. Determining the active zone of the expansive clays 
indicates the point at which wet weather climates cease to have an effect on the 
volume change of the soil. This point is generally located where the clay has 
reached its equilibrium moisture content. Visibly this clay is grey in colour and 
was found at depths >1.5m. Refer to figure 3.13.  
 
This depth can be related to a variety of different design features. For example, 
by determining the depth of the active zone you subsequently find the point at 
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which soil can be removed and replaced to prevent expansion. This point also 
indicates the depth at which vertical moisture barriers need to exceed to prevent 
moisture penetrating the more expansive soil layers.  
 
After completing the loaded swell test a graph of the air voids (%) Vs applied 
pressure (Kpa) can be plotted. This graph indicates the amount of loading 
required to return the soil to its original state before the moisture was 
introduced.  
 
Applying the following formula can relate the applied pressure (Kpa) needed to 
suppress swell, with a relative quantity of overburden.  
 
3
2000 kg / m3 * 9.81  19.62kN
20kN / m3  20Kpa
x * kn / m3
20Kpa
  metres
where; 
2000 kg/m = the approximate density of soil
x= The pressure required to suppress swell
y=  m of   overburden required to suppress sw
y



ell
 
 
 
Figure 3.11- Tubes removed at 0.5m intervals and bagged to maintain moisture  
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Figure 3.12- Soil removed from test pit to complete all soil testing 
 
 
Figure 3.13- Soil layer changes in test pit at chainage 57.17km 
   108 
3.7 Forensic Investigation of Pavement Failures on Expansive 
Subgrades 
 
3.7.1 Introduction 
 
The forensic investigation of pavement failures on expansive soils aimed to 
investigate the expansive properties of clays which result subgrade failures and 
subsequent pavement failures.  
 
A generalised guide to the evaluation of materials is given in the Pavement 
Rehabilitation Manual (Queensland Transport, 1992). The two main aims of 
materials evaluation are as follows: 
 
 Determine why the material has performed in a certain manner 
 Obtain parameters for rehabilitation design 
 
 
For purposes of this dissertation expansive clay in the Toowoomba District was 
assumed to be similar in soil structure.  This allowed the project to be narrowed 
in scope, and an investigation of a particular case study would then suffice. The 
Norwin Job located between chainages 50.0-60.0km is located in a dry climate 
with a moderate average annual rainfall.  
 
Several formal meetings were conducted with pavement design specialists, 
geotechnical engineers and soil technologists to determine which soil tests 
would adequately define the characteristics of the expansive clay. Many 
international articles from road authorities on soil testing practices were read and 
a series of soil tests were listed. These tests can be defined as non destructive 
and destructive testing.  
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Non Destructive Testing 
 
 Visual Assessments 
 Road Profile Survey (Level) 
 Rutting and Roughness Information 
 
Destructive Testing 
 
 Linear shrinkage and plasticity index 
 Liquid Limit and Plastic Limit 
 Hydrometer Analysis 
 Atterberg Limits 
 Trenching and Coring 
 Compressive Cylinder Testing 
 Subgrade Profile Survey (stringline)  
 Dynamic Cone Penetration (DCP) 
 California Bearing Ratio (CBR) 
 Particle Size Distribution 
 Moisture Content 
 Degree of Saturation (DOS) 
 
3.7.2 Non Destructive Survey Testing 
 
3.7.2.1 Introduction 
 
This section discusses the methodology behind the chosen non- destructive 
materials test methods. Non-destructive materials‟ testing is defined as testing 
which does not require the removal, destruction or damage of any part of the 
pavement structure. These methods are useful in investigating the pavement 
failures that are occurring without causing further damage to the roadway. 
 
 In the case of the TCP Road it was evident that expansive clays were causing 
the pavement failures. These testing practices were carried out to investigate the 
characteristics of the expansive soil and determine the level of quality of the soil 
as a road subgrade.  
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3.7.2.2 Visual Assessment/Examination  
 
Visual assessment of the pavement surface is the cheapest and easiest form of 
non-destructive pavement surveying. In many cases where funding is 
unavailable the only form of testing available may be visual examination. This 
form of testing should be carried out by a professional with experience in 
pavement failure. Inspectors are often able to directly correlate certain pavement 
failures with the underlying subgrade faults from inspection and previous 
experience. GPR testing, deflection testing and others are often expensive and 
for this reason, an effective systematic method of visual investigation of 
pavements is essential, to ensure that the cause of the failure can be diagnosed 
correctly. 
 
Visual examination is the first step in all testing practices. An accurate initial 
investigation can help predict which tests are necessary to determine the 
subgrade problems. Soil testing is expensive and because of this it is important 
that an accurate procedural process is followed in the visual examination in 
order to minimise cost and optimise results.  
 
Examination of Pavement Failures 
 
Detailed records of failures are essential it monitoring the progress of the failure 
and describing the failures to other staff members. Failures should be recorded 
using detailed sketches, photos and descriptions. If the failure is severe it may be 
necessary to acquire a network survey vehicle. 
 
There are several important areas to consider when examining the pavement 
failure; 
 
1. Is the failure isolated or is it continuous throughout? 
2. Is the failure occurring in both directions and to what extent? 
3. Are there any obvious contributing factors which may be related? 
4. Where is the failure in terms of the profile of the road? 
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Determining if the failure is isolated or continuous throughout can provide 
information on whether the subgrade failure is caused by surface cracking, or 
whether the failure is a result of insufficient material quantities of poor design 
features. This information is useful regarding the cause of the failure, if the 
failure is sporadic or if it is continuous and systematic.  
 
If the failure is occurring in one direction of traffic only, it may be a response 
from one directional heavy vehicle traffic loading. This information can help 
indicate the cause of failure. 
 
Surface cracking often provide a gateway for moisture to enter the underlying 
pavement materials. If there is a crack along the pavement edge and 
consequently severe rutting in the outer wheel path for the same distance as a 
crack, this may be directly related.  
 
Where the failure occurs in terms of the road profile is important in determining 
the cause of failure. For example if the failure is occurring in the outer wheel 
path, it may be a result from moisture ingress from the pavement shoulder. Or is 
the failure occurring in the inner wheel path? This may be traffic related.  
 
Moisture Entry 
 
Expansive subgrade failures are a direct result of moisture entry into the 
subgrade material. Moisture can enter the pavement through a variety of 
different paths, such as, unsealed shoulders, capillary water movement through 
the pavement edge, surface cracking and poor pavement drainage both before 
and after construction.  
 
It is important to note any obvious areas of moisture penetration. If the is 
ponding on the side of the road this may be a main cause of seepage and simply 
reconstructing the drainage may prevent further failures occurring. Is the road in 
a floodway? Sheet flow is a result of water crossing the roadway in flood prone 
areas, if not adequately drained this can cause serious structural failures.  
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Geology and Soil  
 
The soil texture and colour are important in determining the type of soil 
surrounding the roadway. A simple manual classification of the soil can be 
carried out to decide whether the soil is expansive clay or not. The Unified Soil 
Classification System used by the Geotechnical arm of the Road System and 
Engineering authority can be useful in classifying the soil.  The major clay 
texture groups are listed below;  
 
Clay Loams (clay loams, sandy clay loams, silty clay loams) form a coherent 
ball, with a smooth to silky feel. A ribbon of approximately 40-50 mm long 
should be formed. Light clays (light clays, light medium clays) form a plastic 
ball that has a smooth surface feel. There is a slight to moderate resistance to 
ribboning, but a length of 50 -75 mm should be able to be formed. 
 
Medium-Heavy Clays (medium clays, medium heavy clays, and heavy clays) 
form a smooth plastic ball. There should be a moderate to firm resistance to 
ribboning. A length of >75 mm should be able to be formed. 
 
Soil colour is often an obvious indicator of the type of soil present. Soils that are 
saturated for long periods are often dominated by olive grey, bluish grey and 
greenish grey colours, with white speckles of calcium throughout. Patches of red 
mottles may also occur.  
 
 
Figure 3.14 - A cross section of the expansive clay at the TCP Road 
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3.7.2.3 Road Profile Survey 
 
Geodetics and Topographic Survey 
 
The crossfalls of the lanes and shoulders should be measured and compared with 
the original plans. Any deviation may be due to a reactive subgrade, and change 
in crossfall could be contributing to the failure. In addition, any other deviations 
from the plans should be noted. 
 
The most efficient way to examine the road profile is using a spirit level. By 
measuring the crossfall of the road surface at various distances from the centre 
line, in both directions of traffic, a road profile can be constructed. This is useful 
in determining whether a reactive subgrade is causing the road pavement 
failures.  
 
3.7.2.4 Rutting and Roughness 
 
Rutting and roughness measurements are used to describe the level of structural 
failure caused by the downward force of the wheel and the road user comfort 
when traversing the road. Roughness and surface rutting may be measured using 
various devices. These devices include laser profilers, roughness meters, manual 
roughness measuring devices, and digital or mechanical profile beams. 
 
Figure 3.15- Network Survey Vehicle used by Main Roads 
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Laser Profilometry 
 
A Multi Laser Profilometer (MLP), seen in figure 3.16, is mounted on the 
Network Survey Vehicle (NSV). This is the main unit for supplying the 
pavement condition data collection needs of Main Roads. Figure 3.15 shows the 
NSV. The NSV was supplied by the Australian Road Research Board (ARRB 
Group). The NSV uses a thirteen (13) laser array for measurement of road 
roughness, rut and texture depths. The roughness, rut and texture results for each 
100m test lot are reported and loaded into the ARMIS Database (A Road 
Management Information System). This can be accessed through the computer 
program Chartview. 
 
 
Figure 3.16- Schematic of MLP used by Main Roads 
 
The NSV was used to determine the extent of rutting and roughness of the TCP 
Road. The rutting and roughness information was useful in determining the 
extent of subgrade failure and whether the failures were isolated or spread 
throughout.  
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3.7.3 Destructive testing 
 
3.7.3.1 Introduction 
 
The following sections will describe the methodology behind the test methods 
used to assess the expansive properties of the soil located at the TCP site. All 
test procedures can be found in chapter two “Literature Review and 
Background”. This methodology will discuss the test methods currently in 
practice, mainly empirical, and a number of performance based assessments.  
 
The Department of Main Roads Materials Testing Manual Volume 1 provides an 
overview of the multitude of tests and specifications used by this road agency. 
These are currently almost all method-based, rather than performance–based 
specifications. The tests described in this manual can also be found in many 
Austroads publications such as the publication Development of Performance-
based Specifications for Unbound Granular Materials – Part A: Issues and 
Recommendations (Austroads, 2003b).  
 
Trenching and Coring 
 
When determining which sections of roadway to trench it is important to 
consider a section that is exhibiting failures, a section that is performing well 
and a section which has significant exposure to moisture, possibly in a 
floodway. This allows for determination of the subgrade failure, assessment of 
moisture in the subgrade, and a comparison with a well performing section. The 
three (3) trenching sections chosen in the project were located at chainages 
58.14, 55.9 and 55.7km.  
 
Samples were collected from the base, subbase, lower subbase and subgrade for 
testing. Using a coring drill several cylinders were collected from the subgrade 
to perform compressive cylinder testing. This was difficult to achieve as the 
moisture in the soil was high and the cylinders were not binding well.  
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Figure 3.17- Coring the Subgrade at TCP Road 
 
Road Profiling (String line) 
 
During the trenching operation a string-line was run flush across the road 
surface. Manually using a tape measure the depths of each pavement layer was 
recorded. This was then used to develop a pavement cross section and determine 
the extent of crossfall changes that was occurring as a result of subgrade 
expansion. 
 
 
Figure 3.18- Determining Pavement Layer Profile (PLP) 
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California Bearing Ratio 
 
The California Bearing Ratio test is commonly known as the CBR test and may 
be completed at standard or modified compactive effort, and at a nominated dry 
density and moisture content, or after soaking for a pre determined period of 
days. 
 
The type of test chosen is dependent on expected moisture conditions in the 
pavement, and the soaked CBR test is often used as it will give an indication of 
the stability of the material under extreme moisture conditions, such as flooding. 
 
The CBR test defines the subgrade strength of the material. This does not 
involve measuring swell but entails penetrating the material and determining the 
CBR strength. This was carried out at both 4 days and 10 days to determine if 
the strength characteristics of the soil change with increasing exposure to 
moisture. 
 
In the test, a plunger is applied to a soil sample at a standard rate, and the loads 
to cause 2.5 and 5.0 mm penetrations are measured. The test relates the load vs. 
penetration curve of the selected material to that of a selected good quality fine 
crushed rock, and gives an indication of the stability or strength of the material. 
 
The testing was completed on both the expansive soils and the top 300mm 
unbound granular material. This provides a comparison between the strength of 
a failing expansive subgrade material and a good quality unbound granular 
material.  
 
   118 
 
Figure 3.19- Determining the CBR strength of the TCP subgrade 
 
 
Figure 3.20- Plotting the graph of the TCP CBR strength 
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Dynamic Cone Penetration (DCP) 
 
In-situ measurement of the strength of the pavement structure is most commonly 
achieved using a Dynamic Cone Penetrometer (DCP). A plot of depth of 
penetration vs. number of blows should be completed, from which soil layers 
can be determined by assessing sections with constant gradient. 
 
For each soil layer, the results from testing may be converted to approximate 
CBR values using a formula or graph relating DCP penetration rate to CBR 
value. The correlation between DCP penetration rate and CBR value has been 
found empirically, and it is important to ensure that the formula or graph used is 
appropriate for the particular soil type. 
 
The advantages of this test method are that it can be performed cheaply and 
quickly, however it has many disadvantages. Disadvantages include being 
unable to vary the moisture content of the soil, which can other wise be 
performed in a CBR test.  
 
This test was suitable for the expansive subgrade of the TCP Road as the soil 
was soft, suitable and due to the trenching operation the pavement seal had 
already been removed.  
 
 
Figure 3.21- DCP operation on the TCP Road 
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Compressive Cylinder Testing 
 
The compressive cylinder tests were carried out as they provide an accurate 
depiction of the subgrade strength. This test was used as a comparative test for 
the CBR and DCP test methods. Five (5) cylinders were collected from each 
trench and all cylinders tested for strength.   
 
 
 
Figure 3.22- Images of cylinders taken from TCP Road 
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Atterberg Limits 
 
Atterberg testing is an empirical test method used to find the moisture content at 
which soil changes from one state to another, for example, liquid to plastic. The 
tests approximate these points, as exact identification are not possible.  
 
The most common Atterberg limits tests used are discussed below.  
 
The liquid limit (LL) is the lowest moisture content at which the soil behaves in 
a liquid manner. This is determined in an arbitrary manner, most commonly by 
measuring the penetration of a cone penetrometer into the soil sample at varying 
moisture contents. It may also be measured using the Casagrande apparatus. 
 
The plastic limit (PL) is the lowest moisture content at which the soil behaves in 
a plastic manner. This is determined by rolling soil samples into three (3) mm 
ribbons until the soil begins to break apart. 
 
The plasticity index (PI) is defined as the difference between the liquid limit and 
the plastic limit. These above values give an indication of the amount of clay 
present in the material, and the potential for activity of the clay present. 
 
After determining the PI and LL they can be applied to the Unified Soil 
Classification Index Graph and the soil type determined, refer to figure 3.23. 
 
 
Figure 3.23- Plasticity Index Vs Liquid Limit 
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Linear Shrinkage 
 
This test measures the shrinkage potential of the fine fraction of the material 
after significant drying from a wet condition. Shrinkage testing provides an 
indication of the volume changes likely to occur when the moisture content 
changes in the field. This test is often performed parallel to the Atterberg limits 
testing. 
 
 
Figure 3.24- Linear Shrinkage Testing for the TCP Road 
 
Moisture Contents 
 
Moisture content testing is used to measure the mass of water relative to the 
mass of solids using an oven or microwave. This test may indicate whether 
excess moisture is in the pavement or not. For this reason, the moisture content 
test was carried out to determine the level of moisture present in the expansive 
clays located at the TCP Road. 
 
Testing was completed on various soil samples at various depths to determine 
the layers which were exhibiting the higher moisture contents. This can then be 
used to determine the point of moisture entry into the layer and furthermore how 
prevent it from occurring in future.  
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Particle Size Distribution 
 
This common form of testing measures the grading of the material, and records 
the percentage of material passing certain sieve sizes. It may be done using 
either wet or dry sieving, or with a hydrometer for very fine particles. Materials 
with majority of fines passing the <75 micron sieve are mainly clays.  
 
Hydrometer Analysis 
 
The Hydrometer Analysis provides the percent sand, silt and clay that the soil 
sample consists of. The Hydrometer Analysis test procedure can be viewed in 
the background reading. This test was performed to assess the extent of the clay 
percentage found in the TCP Road. By determining the clay percentage that this 
soil contains, future roads with larger clay make-up can be expected to display 
worse structural failures, soil expansion and shrinkage, thus this test result 
provides a bench mark for future testing.  
 
This test allows for an assessment of the accuracy of the particle size distribution 
test, i.e. if the above mentioned testing provides results that indicate the soil has 
strong clay properties, the hydrometer analysis will calibrate.  
 
Degree of Saturation 
 
This test determines the DOS of the soil, volume of water relative to volume of 
void space, and can be calculated from moisture content; dry density and particle 
density. Some soil can be seen to have moderate moisture content and a high 
degree of saturation. For this reason the DOS can be an important test in 
determining the cause of failures.  
 
The TCP Road was displaying failures common to a high DOS. These failures 
consisted of the cover aggregate flushing into the base, and some surface 
stripping. Surface stripping is often indicative of high underground pore 
pressures, which are relevant to expansive soils.  
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Figure 3.25- Moisture content testing of the TCP Road 
 
Standard Tests Currently Used By Main Roads 
 
This section gives details about what tests are included in the Queensland 
Department of Main Roads Standard Specifications for Road Pavements. This 
provides an indication of what tests are currently used by a typical Australian 
Road Agency. It should be noted that the specifications are continually changing 
to reflect the increased knowledge of material behaviour and properties. 
 
Table 3.4- Tests in MRS 11.04- General Earthworks 
 
Soil and Aggregate Tests: 
Strength and Durability 
 
California Bearing Ratio (also in-situ) 
 
Soil and Aggregate Tests: 
Particle Size and Shape 
 
Particle Size Distribution 
 
Soil and Aggregate Tests: 
Density 
 
Dry Density Measurement (sand, nuclear gauge) 
Dry Density–Moisture Content relationship 
Density Index of a Cohesion less Material 
 
Soil and Aggregate Tests: 
Other Material Properties 
 
Liquid Limit, Plastic Limit 
Plasticity Index, Linear Shrinkage 
pH Value, Electrical resistivity, Chloride 
Content, 
Sulphate Content, Lime Demand 
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Table 3.5- Tests in MRS 11.05 (Unbound Pavements) 
Soil and Aggregate Tests: 
Strength and Durability 
 
CBR Values (Soaked) 
Ten Percent Fines Value, 
Wet/Dry Strength Variation 
Degradation Factor, Crushed Particles 
 
Soil and Aggregate Tests: 
Moisture 
 
Moisture Content 
Degree of Saturation 
 
Soil and Aggregate Tests: 
Particle Size and Shape 
 
Particle Size Distribution 
Flakiness Index 
 
Soil and Aggregate Tests: 
Density 
 
Dry Density Measurement (sand, nuclear 
gauge) 
 
Dry Density–Moisture Content 
relationship 
 
Density Index of a Cohesion less Material 
 
Soil and Aggregate Tests: 
Other Material Properties 
 
Liquid Limit, Plastic Limit, Plasticity 
Index 
Linear Shrinkage 
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3.8 Construction Guidelines for Expansive Subgrades  
 
3.8.1 Introduction 
 
The methodology of the construction guidelines involved researching literature 
both internationally and nationally to determine successful construction 
practices. This section has been discussed throughout this chapter under 
headings interviewing personnel and researching literature in the form of plans 
and documents. The literature review describes many practices currently being 
used, with succession, in minimising the effects of moisture ingress.  
 
This methodology seeks to draw all relevant results and conclusions together 
and make recommendations for construction guidelines and practices. Soil test 
results were reviewed, articles and journals from significant number of sources 
were investigated and both Main Roads and several experienced pavement staff 
from other Australian Road Authorities, interviewed.  
 
Originally project scope aimed to investigate construction practices used by the 
Department of Main Roads Toowoomba for construction on expansive soils, 
critique these procedures, design a new pavement cross section and construct 
this on a roadway with low volume traffic. After significant research into the 
area it was realised that Main Roads Toowoomba did not have a sufficient 
understanding of the characteristics of expansive clays, the extent of swell 
behaviour and what test methods should be used to investigate these. This 
project changed scope to pay particular attention to the testing methods of 
expansive soils, and the soil characteristics. A confident knowledge of expansive 
soils must first be achieved before design quality can improve.  
 
Altered CBR test methods measuring elements such as level of compaction, 
increased moisture content and surcharge loadings, supply information which 
mimics construction behaviours. This information can then be ciphered into 
construction guidelines which best optimise road performance and decrease 
subgrade volume changes.  
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Upon completion of testing it soon became apparent possible design parameters 
which can be introduced to minimise the effects of expansive clays. Finally, this 
research aims to develop the results obtained and recommend several 
construction practices which should be investigated at a larger extent and trialled 
by Main Roads.  
 
Main Roads staff will be able to refer to this information at a later date, and 
investigate the relevant pathway provided.  
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3.9 Rehabilitation of a Roadway Constructed on Expansive Soils 
 
3.9.1 Introduction  
 
The TCP Road is experiencing severe subgrade failures. Crossfall changes 
resulting from severe subgrade expansion poses a threat to the public using the 
road. Maintenance funding was available for the TCP Road. Rehabilitation 
techniques were researched and their viability for application to the TCP Road 
assessed.  
 
The edges of the pavement surface were recognised to have risen significantly 
and were ponding water in the outer wheel path. Reshaping the pavement 
surface was the immediate rehabilitation treatment selected. It was assumed that 
the soil underneath the roadway had reached equilibrium moisture content and 
envisaged that it would not swell in the immediate future.  
 
Cold milling the pavement shoulders with a standard bitumen chip seal was 
selected. This was the more cost efficient and more applicable pavement 
rehabilitation treatment. Due to the cost efficiency achieved, if future 
rehabilitation is required the process will be able to be repeated.  
 
The low volume traffic on the road is responsible for poor funding allocation. 
The heavy vehicle percentage of this roadway is high and is considered to be 
partially responsible for the rapid pavement deterioration; because of this it is 
expected subgrade failure may occur again.  Poor funding allocation was the 
hindering factor in pavement maintenance selection.  
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3.9.2 Rehabilitation Description 
 
Sheet flow relates to excessive water on the road surface leading to spray, 
splash, and aquaplaning. As this is still occurring it will be necessary to increase 
the pavement crossfall and improve surface water drainage in the future. 
 
Rutting occurred at several sections throughout the job. Three (3) km‟s of rutting 
approximately 1.5m wide was cold milled. The base surface was then compacted 
using a steel drum roller until a sufficient crossfall was achieved. The surface 
was then sprayed with a bitumen seal and 10mm aggregate spread. A pneumatic 
roller continued to knead the surface until the relative profile was achieved.  
 
3.9.2.1 Resealing 
 
Sealing is application of thin layer of bituminous binder followed by aggregate. 
Resealing is the application of this to an existing surface. Aggregate size should 
be selected according to road characteristics. The function of a seal is to protect 
the underlying pavement from water entry and other effects, provide an abrasion 
and skid resistant wearing surface. A reseal normally aims to restore these 
functions to an acceptable level. 
 
3.9.2.2 Cold Milling 
 
Cold milling removes a specified thickness of material mechanically, using a 
cutting drum to chip off the surface of the pavement. It may be used in 
conjunction with other techniques to restore the pavement to a newer condition, 
or improve the pavement cross-sectional shape. 
 
The milling machine was used to remove all severe crossfall changes and 
impressions from rutting. This was aimed at removing water of the pavement 
surface and reducing the risk of aquaplaning.  
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Figure 3.26- TCP Road after pavement rehabilitation 
 
 
Figure 3.27- Water ponding in the table drain of TCP Road 
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3.10 Report on Outcomes of Investigation 
 
Reconcile Major Components of Investigation 
 
Integration of results into coherent and standardised outcomes is the intent of the 
methodology.  Results for each investigation method within the three major 
components were reviewed and assessed independently to arrive at conclusions.  
Results for each major component were then compiled from the constituent 
components and reconciled for the determination of conclusions. 
 
The results and conclusions from the three major components of the 
methodology were then reconciled.  The Pavement Performance Profile and 
Forensic Investigations were the most productive components and together 
provide the opportunity to identify the likely future outcomes of research and 
construction of road pavements on expansive soils in the Toowoomba District. 
 
Conclusions 
 
Results are reviewed to conclude whether current failures are isolated or 
indicative of a systemic problem with the pavement design and cross section.  
The viability of Main Roads testing procedures in reviewed and 
recommendations made. The viability of the pavement cross section of the TCP 
Road is reviewed and compared with the viability of other pavement cross 
sections developed by the Darling Downs Region of The Department of Main 
Roads. 
 
The methodology developed for this study is reviewed and considered for its 
application to other new construction projects completed by the Department of 
Main Roads. 
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4 Results & Analysis 
4.1 Introduction 
 
This chapter seeks to explain the results achieved from all testing and research. 
An analysis of these results will be used to explain the investigations success at 
achieving the desired objectives.  
 
Definitive results were achieved in many circumstances and clearly explain the 
adequacy of Main Roads soil testing techniques and construction practices. The 
properties of expansive clays in the Toowoomba region have also been assessed 
and conclusive results achieved.  
 
The following provides and discusses all results and addresses the benefit of 
their findings and any potential issues or anomalies.  
 
4.2 Review Documents and Literature 
 
4.2.1 Introduction 
 
Throughout this project it was necessary to review documents and literature in 
the form of reports, technical notes, published articles and a variety of texts. The 
information sourced throughout this project was useful in regards to determining 
overseas construction practices, testing methods and general opinion of road 
construction on expansive subgrades. Mistakes were highlighted with the intent 
of avoiding them throughout this investigation.  
 
All results discovered in this section will be discussed further in section 4.4 
“Construction Guidelines for Expansive Soils”.  
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4.2.2 International/National Documentation and Literature 
 
National and International literature was investigated to determine the best 
construction practices for road construction on expansive soils. Various texts 
believed that lime stabilisation and impermeable membranes were useful 
techniques. It was largely concluded that avoidance of the expansive soil 
wherever possible is the more preferred option, where this is not possible then 
remove and replace with selected fill. If this is to costly then preventative design 
features should be implemented.  
 
4.2.3 Departmental Documentation and Literature 
 
The major sources of documents and literature throughout this project consisted 
of project specifications in the form of soil testing manuals and pavement 
rehabilitation manuals. The Main Roads Pavement Rehabilitation Manual and 
Soil Testing Manual provided significant knowledge into how CBR testing 
should be performed, along with all other required testing. This ensured that 
human errors were kept to a minimum, hence optimising the chances of accurate 
test results.  
 
The Main Roads Pavement Design Manual, along with various other sources, 
explained construction practices which best suited construction on expansive 
clays. This was then combined with the knowledge gained from the Main Roads 
Pavement Rehabilitation Manual to achieve a design for the rehabilitation of the 
TCP Road whilst also contributing to the development of the construction 
guidelines. Considering pavement rehabilitation options in the initial design of 
roadways on expansive soils, allows the constructor to foresee potential 
problems in the future and subsequently saving money.  
 
The Main Roads technical note WQ35 “Paving Materials and Type Cross 
Sections for Roads on Expansive Soils in Western Queensland” was largely used 
to develop the construction guidelines for expansive soils in the Toowoomba 
District. This technical note was written by Main Roads engineers, John 
Kapitzke and Ian Reeves and is fundamentally responsible for the direction this 
project undertook.  
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This technical note explained construction guidelines for expansive clays which 
are best suited to low volume roads in regional areas. However, these roads are 
similar to many in the Toowoomba region which are failing as a result of 
expansive soils. 
 
The WQ35 recommended further work in the area of soil testing accuracy. It 
explained that the desirable properties of paving materials are not readily 
measured by existing testing methods and proposed research of possible new test 
methods. These methods need to better simulate the moisture absorption 
characteristics of paving materials as occurs in the field. This highlighted the 
need for more definitive test procedures and is responsible for the forensic 
investigation of the soil testing procedures and expansive soil properties.  
 
The WQ35 also recommended further work in the area of impermeable 
membranes. It stated Impermeable membranes used in the past under the 
pavement and beneath the batter were not successful as they did not extend 
under the seal further than the pavement moisture edge effects. “Further trials of 
different designs may be worth consideration.”(Kapitzke et al) 
 
From these recommendations test procedures were included to determine the 
active zone of the soil in the Toowoomba region.  Impermeable membranes are 
believed to be successful when accurately designed. Vertical membranes have 
been of particular focus throughout this investigation. The loaded swell test 
conducted at various depths allowed this active zone to be determined, and 
provided the required depth at which the membrane should be placed to 
minimise edge effects.  
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4.2.4 Results and Analysis 
 
Pavement History - ARMIS Information 
 
The pavement history of the TCP Road was obtained from an asset management 
system used by the Queensland Department of Main Roads titled ARMIS.   
 
The information provided by the program consisted of the initial date of 
construction, the AADT, % Heavy vehicles, Rutting, Roughness and 
maintenance costing. The information can be assessed visually from the program 
interface or can be exported to a spreadsheet. The information for the TCP Road 
was for rutting and roughness was exported to a spreadsheet as this allowed for a 
more detailed analysis of average rutting and roughness as well as maximum 
rutting and roughness. This can be viewed in section 4.5.1.  
 
The traffic loading information was sourced from the ARMIS program through a 
visual aid called Chartview. The relevant data can be seen below in Figure 4.1- 
Traffic Loading of the TCP Road from the ARMIS Program. 
 
Figure 4.1- Traffic Loading of the TCP Road from the ARMIS Program 
   136 
The traffic loading experienced by the TCP Road on a daily and annual basis 
can be seen in Table 4.1- Traffic Loading Experienced by the TCP Road. 
 
Table 4.1- Traffic Loading Experienced by the TCP Road 
AADT (Average Annual Daily Traffic) 299 
% AADT Heavy Vehicles 20.71 
Yearly Traffic 2007 
 
It can be seen in the above information that the TCP Road is a relatively low 
volume road. This road however experiences a significant number of heavy 
vehicles daily which places considerable strain on the underlying subgrade. The 
TCP road provides service to 80 heavy vehicles daily and over 540 heavy 
vehicles annually. The roadway experiences significant deformation in the 
direction of Cecil Plains which subsequently provides service to majority of the 
heavy vehicles.  
 
The expansive clays located around the TCP Road provide luscious conditions 
for cotton farmers. Adjacent to the TCP Road is several cotton farms which 
annually truck many loads of cotton out of the area. This heavy vehicle traffic 
mainly travels to the properties from Toowoomba and continues outbound fully 
loaded. This can be seen as the main contributing factor to the severe 
deformation of the subgrade after moisture entry has occurred. 
 
Plans 
 
The pavement design of the TCP Road was reviewed to assess the sections of 
roadway which contained lime stabilisation, geo-membranes and other design 
features. This allowed a performance based assessment to be performed and the 
design features to be critiqued.  
 
When completing the trenching and coring it was necessary to refer to this plan 
to locate the selected areas to trench. Sections which consisted of failing 
roadway, well performing roadway and lime stabilized areas were selected. This 
was to ensure a variety of tests could be carried out and a comparison between 
them. The pavement design for the TCP Road can be seen in appendix B.  
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Figure 4.2 – Pavement Design of TCP Road (Chainage 55.5 – 56.5km) 
 
Figure 4.3– Pavement Design of TCP Road (Chainage 56.52 – 57.51km) 
 
From figure 4.2 it is apparent that lime stabilisation, Geofabrics and low 
permeability materials were used in the construction of the TCP Road.  This 
road has shown significant failures throughout and hence, highlights the need for 
new design methods which perform to a higher standard. The investigation of 
vertical moisture barriers has been completed and recommendations made in 
section 4.5.  
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Figure 4.4 - Pavement Design of TCP Road (Chainage 57.52 – 58.46km) 
 
It can be seen in the above figures that the three (3) sections chosen to trench, 
55.7, 55.9, and 58.14km were all standard sections except chainage 58.14km 
which was a lime stabilised section.  
 
 The construction of this road was completed over a 12 month period which can 
also be seen as a contributing factor to the poor quality of the roadway. 
Construction authorities may have carried out construction to a poor standard 
with the intentions of completing the job and moving onto further works.  
 
4.2.5 Conclusion(s) 
 
The documentation sourced and referred to throughout this project was 
necessary in determining direction and achieving the desired outcomes. 
Throughout completing Chapter 2 „Literature Review and Background‟ various 
resources were utilised such as the USQ Library and the Main Roads Library in 
Spring Hill, Brisbane. All references were citied and literature praised.  
 
In all investigations it is important to thoroughly research topical information 
and all relevant media. This project addressed National, International and 
Departmental media to ensure optimal results.   
 
This research will be used for the foundation of future research completed by 
Main Roads staff, and potentially, other students.   
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4.3 Interview Personnel 
 
4.3.1 Introduction 
 
Throughout this project it was necessary to informally interview various 
personnel to gain a greater understanding of the history of expansive soil in the 
Toowoomba district, as well as learn from the experiences of others. Valuable 
knowledge was provided by many professionals who had at some stage in their 
career has issues with construction on expansive soils.  
 
All information was considered and used to develop the direction in which this 
project undertook. Main Roads staff from a variety of different locations 
including, Roma (Program Development and Delivery), Toowoomba (Program 
Development and Delivery), Toowoomba (RoadTek), Brisbane (Herston Soil 
Lab) were interviewed and provided invaluable knowledge. Other professionals 
such as Austroads staff and Leighton‟s engineering were also contacted for 
information.  
 
4.3.2 Results and Analysis 
 
Many professionals were interested in the objectives of this project; however 
some had little understanding of why certain tasks were being carried out. When 
conducting the soil testing in Toowoomba it was difficult to motivate the soil 
testing staff to help perform the required tests. The CBR tests with varied 
compaction, moisture contents, in both the 4 day and 10 day form were tests 
which were not regularly carried out. As a result of this many younger soil 
testing staff were not experienced in this area and were unable to provide 
information on testing procedures or there application. These tests appeared 
daunting and irregular which consequently caused difficulties throughout.  
 
The area of expansive subgrades is often neglected and avoided because of its 
complicated nature. Many older construction professionals have a sound 
knowledge on why roads constructed on expansive soils fail, but little are able to 
determine how to solve the issues. Many design experts have theorised opinions 
on how to solve the issues but are unable to successfully apply it to construction 
guidelines.  
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4.3.3 Conclusion (s) 
 
In the opinion of many, the problems which arise in design, construction and 
maintenance of roads on expansive soils can be directly related to an initial 
communication breakdown. The segregation that occurs between soil testers, 
road designers, engineers and constructers often causes miscommunication and 
misunderstanding throughout the construction phases. Designers are unable to 
relay there idea‟s to construction staff, and often construction staff are unable to 
understand the purpose behind the ideas. As a result of this generalised plans 
which can be constructed quickly and cost efficiently are still being used. If this 
communication problem is solved then it is believed that the problem with road 
construction on expansive soils can be largely improved.  
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4.4 Forensic Investigation of Soil testing Procedures  
 
4.4.1 Introduction 
 
The forensic investigation of the soil testing procedures was completed to 
determine the accuracy of a standard 4 day soaked CBR when compared with a 
variety of different testing practices. Various published Main Roads articles state 
that the current soil testing procedures for expansive clays are inaccurate and 
unable to simulate the moisture absorption characteristics of paving materials as 
they occur in the field.  
 
This section aims to prove that the current soil testing techniques used by the 
Department of Main Roads Toowoomba to assess the expansiveness of clay in 
this region are inaccurate and unreliable. Tests including the standard 4 day 
soaked CBR, 10 day soaked CBR, variable compaction and varying moisture 
contents have been carried out to prove this.  
 
 
 
Figure 4.5- Six (6) point CBR (4 and 10 day) with moisture contents being 
prepared   
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4.4.2 Results and Analysis  
 
Various tests were conducted to validate and test the accuracy of Main Roads 
expansive soils test procedures, make required adjustments and recommend 
improvements which could be made. The series of test mentioned hereafter were 
compiled through extensive research investigations. Various literatures, 
documentation, experienced personnel both engineering and soil testing were all 
consulted to identify the following testing methods.  
 
As mentioned previously several tests are carried out to determine the accuracy 
of the standard four (4) day soaked CBR test method, as a measurement of swell 
potential. The tests completed thereafter were designed to determine the 
implications various construction and design practices have on swell potential. 
Such procedures are discussed in the following.  
 
Varying Moisture Contents 
 
Moisture contents of the soil samples before testing were adjusted to span the 
Optimum Moisture Content. Three (3) tests were completed with moisture 
contents on the drier side of OMC, and three (3) tests were completed with 
moisture contents on the wetter side of OMC. This was designed to simulate 
various climate and construction conditions.  
 
It is of the assumption that all expansive soils have an Equilibrium Moisture 
Content (EMC) and once this level is achieved the soil will no longer absorb 
further moisture and subsequently decrease chances of future expansion. These 
tests aim to prove this theory. If the EMC of the soil contained at the TCP Road 
is found, then further soils in surrounding areas can be expected to have similar 
characteristics.  
 
Constructing a roadway with the underlying subgrade being at its EMC will 
ensure that the subgrade does not expand in future, provided this moisture in 
contained. This further decreases maintenance costs and improves the 
functionality of the roadway.  
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Four (4) Day Soaked California Bearing Ratio (CBR) Results 
 
This four (4) day CBR test in a test carried out internationally to measure the 
subgrade strength of road pavements. This test can be conducted in soaked or 
unsoaked conditions. When the subgrade consists of expansive clay it can be 
assumed that the soil will be under soaked conditions with high levels of 
moisture content thorough majority of its service life. For this reason it is 
necessary to carry out the CBR test under soaked conditions when using 
expansive soils.  
 
Expansive soils have severe propensity to soil volume changes and is therefore 
imperative that an estimation of the swell potential of subgrade is carried out. 
The soaked CBR test can be used to estimate the swell potential. This is carried 
out by measuring the initial height of the soil within the mould on the first day 
of testing, then consecutively measuring the height of soil within the mould from 
that day forward, at a predetermined daily time. This ensures that all results are 
consistent and accurate measurement can be achieved.  
 
This test is carried out by the Toowoomba RoadTek Soil Laboratory on behalf 
of The Department of Main Roads as a means of measuring the swell potential. 
Main Roads specifications state that this test can be carried out over a four day 
period, or a ten day period for severely expansive soils.  
 
To reduce costs and decrease testing time the standard four day soaked CBR test 
is constantly requested. In the experience of much soil laboratory staff it was 
noted that a 10 day soaked CBR test had not been carried out for a project 
investigation in the last 10 to 15 years. This comparison between the four (4) 
day and ten (10) day tests aim to prove that the four day is inaccurate and the ten 
day is a far superior representation of the expected swell of the soil.  
 
This four and ten day soaked CBR tests were carried out at 100 percent 
compaction at varying moisture contents.  
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The results from the four (4) day soaked CBR tests are summarised in the 
following table and can be viewed graphically in figure 4.6.  
 
Table 4.2- four day soaked CBR test results 
  
Mon 11/08/08 Tues 12/8/08 Wed 13/8/08 Thurs 14/8/08 Fri 15/8/08 
  
Init Swell Day1 Swell Day2 Swell Day3 Swell Day4 Swell 
T08/0787 Initial MC 
         Mld 6 31.5 1.38 10.21 7.5 12.72 9.7 14.75 11.4 16.15 12.6 
Mld 29 34 2.52 8.83 5.4 12.04 8.1 14.70 10.4 14.80 10.5 
Mld 17 36.9 1.53 7.15 4.8 10.92 8.0 12.30 9.2 12.75 9.6 
Mld 27 39.1 1.87 6.61 4.1 9.21 6.3 10.39 7.3 11.95 8.6 
Mld 22 42.9 0.49 4.43 3.4 6.84 5.4 7.89 6.3 8.06 6.5 
Mld 19 43.7 1.30 3.63 2.0 4.90 3.1 5.20 3.3 5.63 3.7 
 
 
Figure 4.6- Graph of 4 day soaked CBR swells 
 
Figure 4.6 shows the graph of results obtained from the four day soaked CBR 
testing. The results indicate that the above mentioned theory is correct and that 
the higher the moisture content of the expansive soil before soaking, the lesser 
the swell that occurs.  
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The Optimum Moisture Content (OMC) was found to be 36.0 percent and the 
Maximum Dry Density (MDD) of 1.3t/m3. This was found by plotting a variety 
of moisture content vs. dry density points, found from testing, on a plot and 
interpolating the peak points off the graph. This process was repeated for the 10 
day soaked CBRs and both plots were placed on the same graph and a line of 
best fit determined the OMC and MDD. 
 
The table of Initial Moisture Contents and Dry Densities used to plot figure 4.7 
can be seen below. 
 
Table 4.3- Moisture contents of various soil samples 
 
Initial M/c % Dry Density 
  (t/m3) 
31.5 1.292 
34.0 1.309 
36.9 1.289 
39.1 1.268 
42.9 1.246 
43.7 1.222 
   
The initial moisture contents are determined by initially weighing the soil, 
placing this soil into a container and oven drying until all moisture in removed, 
then weighing the sample again. These values are then applied to the following 
formula;  
 
 
2 3
3 1
1
2
3
100
where w= estimated moisture content (%)
m mass of container and lid(g)
m mass of container, lid and wet soil (g)
m  mass of container, lid and dry soil
m m
w
m m

 




 
Figure 4.7 is the plot of moisture contents and dry density achieved for the four 
day soaked CBR testing. This plot was one graph of the two used to determine 
OMC and MDD. The plot used to determine OMC and MDD will be discussed 
further in the 10 day soaked CBR discussion. 
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Figure 4.7- Graph of MC vs. DD 
 
Discussions 
 
Six moulds were used during testing to determine the swell properties achieved 
in the four day soaked CBR testing. Table 4.2 lists the swells achieved 
throughout testing, with the maximum swell being 12.6 percent, with an initial 
moisture content of 31.5 percent. The lowest swell achieved was 3.7 percent, 
which had the highest initial moisture content of 43.7 percent. These results 
indicate that the higher the level of moisture before introduction to water, the 
less swell achieved after the period of soaking.   
 
These results can be applied to the field of construction, in that, if they soil is 
significantly wetted and tested until moisture contents of 50 percent are 
achieved, then compacted to standard compaction of 100 percent, the likelihood 
of future swell is significantly decreased. This type of construction is often 
unfeasible as compaction is hard to achieve as subgrade workability decreases 
when moisture content increases.  
 
Compaction is further discussed in this chapter, and investigates the need for 
high levels of compaction when constructing with expansive soils.  
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Ten (10) Day Soaked California Bearing Ratio (CBR) Results 
 
Ten day soaked CBR is rarely carried out because of the extended periods of 
soaking needed, and the resources required in completing this. Often soil testing 
laboratories are not large scale facilities, which often causes under staffing and 
high workloads. Soil testing laboratories consistently have high work turnover 
which results in the unavailability of CBR moulds used for testing. Ten day 
soaked CBR tests are seen as unfeasible as they require the use of moulds for 
extended periods of time, tie up soil testing staff for extended periods of time 
and result in increased costs to the client.  
 
This investigation aims to prove that ten day soaked CBR testing provides 
greater accuracy in determining potential swell of reactive clays. Table drains 
can store water for periods larger than four days and in life situations road 
subgrades are exposed to moisture penetration for periods in excess of 14 days. 
This highlights the inaccuracies of four day testing.  
 
Separate testing was completed parallel to the four day testing and then extended 
to a period of ten days. The first four days of the 10 day tests can be seen in the 
below table.  
 
Table 4.4- Day one to four of the 10 day testing.  
100% Standard Compaction (10 day Soaked) 
      T08/0787.1 Initial MC Init Swell Day1 Swell Day2 Swell Day3 Swell Day4 Swell 
Mld 10 31.9 1.36 11.49 8.7 12.97 9.9 14.69 11.4 15.74 12.3 
Mld 14 31.9 0.92 11.22 8.8 13.44 10.7 14.89 11.9 14.70 11.8 
Mld 11 34.1 1.83 8.53 5.7 10.30 7.2 11.64 8.4 12.93 9.5 
Mld 9 34.1 1.67 8.92 6.2 10.67 7.7 11.91 8.8 12.89 9.6 
Mld 18 36.1 1.42 7.09 4.8 10.56 7.8 11.95 9.0 12.62 9.6 
Mld 21 39.2 1.23 6.26 4.3 8.77 6.4 10.07 7.6 10.77 8.2 
Mld 15 41.3 1.37 5.14 3.2 7.50 5.2 8.60 6.2 9.15 6.6 
Mld 5 43.7 1.22 3.63 2.1 5.11 3.3 5.94 4.0 6.39 4.4 
 
These results compare well to those shown in table 4.2 and prove that there are 
no irregularities or inconsistencies between testing.  
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Table 4.5 - Results of day five to ten of testing.  
Sat 16/8/08 Sun Mon 18/8/08 Tues 19/8/08 Wed 20/8/08 Thurs 21/8/08 
Day5 Swell Day6 Day7 Swell Day8 Swell Day9 Swell Day10 Swell 
           16.97 13.3 na 18.95 15.0 19.26 15.3 20.08 16.0 20.33 16.2 
15.25 12.2 na 15.69 12.6 16.20 13.1 16.07 12.9 16.30 13.1 
13.39 9.9 na 17.39 13.3 16.65 12.7 17.38 13.3 17.85 13.7 
13.25 9.9 na 14.64 11.1 15.59 11.9 16.12 12.4 16.41 12.6 
12.65 9.6 na 14.12 10.9 14.55 11.2 15.03 11.6 15.41 12.0 
10.76 8.1 na 12.24 9.4 12.64 9.8 12.93 10.0 13.29 10.3 
9.58 7.0 na 9.90 7.3 10.60 7.9 10.83 8.1 10.68 8.0 
6.75 4.7 na 7.10 5.0 7.56 5.4 7.70 5.5 8.84 6.5 
 
The values indicated in grey were performed by a separate operator and have 
been omitted from the following plot. This will be discussed further in section 
titled „discussions‟ 
 
Figure 4.8- Ten day soaked CBR test results 
 
Figure 4.8 clearly indicates that the 10 day soaking periods provides a larger 
swell indication then the four day soaking period.  The largest swell achieved by 
the four day soaking period is 12.3 percent at 31.9 % moisture content, and the 
largest swell achieved at the same moisture content at a 10 day period of soaking 
is 16.2 percent swell. This swell is still continuing to rise at the 10 day period. 
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This information shown in figure 4.8 can then be plotted on a graph of Moisture 
Content vs. Maximum Swell over a 10 day period.  From this graph required 
swell values are various moisture contents can be extrapolated without 
performing the actual test. This graph can only be used if the soil being tested 
exhibits similar clay fraction properties as the soil providing these results, which 
is 68 percent clay, 23 percent silt, 8 percent sand and 1 percent gravel. However 
soils within reasonable range can be assumed to have similar swell potential 
results.  
 
Figure 4.9- Swell vs. Moisture Content of TCP Road Soil Sample at 1.5m depth 
 
The plot of Swell Vs Moisture content for maximum swell over a 10 day period 
appears almost linear. The R
2
 value for determining the accuracy of the plot is 
approximately 99 percent, which indicates addition of a trendline is expected to 
mimic actual results. From figure 4.9 it can be seen that swell is expected to 
cease at approximately 52 percent. At this point the soil is expected to reach 
steady state conditions, maintain its current volume and moisture content, 
without further expansion. The trendline also shows that the as moisture 
decreases the swell potential significantly increases. Maximum swell is expected 
to be 41 percent swell at zero percent moisture content. Therefore the practice of 
drying the expansive clay before construction with the belief that this decreases 
soil expansion is an incorrect assumption and result in the opposite action. 
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Discussion 
 
Referring to table 4.5, all results indicate that the soaking period of 10 days 
provided a more accurate representation of the swell potential of the soil. 
Various moisture levels all provided a similar outcome, that being; soil 
continues to expand well beyond a four day period of soaking. It can be seen in 
figure 4.8 that at the 10 day limit the soil is still continuing to expand which 
indicates that a period beyond 10 days may be need to accurately determine the 
potential swell. For the purposes of this investigation 10 days was a sufficient 
time and has proven all required arguments.  
 
Figure 4.8 shows that the 10 day period of soaking provided results which were 
25 percent larger then that of the 4 day period, with a moisture content of 31.9 
percent. In this case the four day results are an extreme under exaggeration of 
the final results. 
 
It can be assumed that on day 7 of the 34.1 percent moisture content mould, an 
error in measurement was taken. Mould 18, the mould containing 36.1 percent 
moisture content initially expanded at a rate which exceeded that of the 34.1 
percent mould. This can be related to the dry density of mould 18. The following 
tables shows the dry densities achieved through compaction and it can be noted 
that mould 18 contains a highest dry density of 1.288t/m3 (highlighted in 
yellow). This further reinforces the assumption that over compaction of 
expansive clays results in an increase in swell potential.  
 
Table 4.6- Initial M/c and Dry Densities of the 10 day testing samples 
Initial M/c % Dry Density 
  (t/m3) 
31.9 1.233 
31.9 1.191 
34.1 1.270 
34.1 1.192 
36.1 1.288 
39.2 1.259 
43.7 1.254 
41.3 1.228 
 
* highlighted in grey are omitted results and will be discussed in further sections 
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Highlighted in grey in table 4.6 are the dry densities achieved from operator 2. 
They can be seen to be much lower then that achieved by operator 1. This made 
it difficult to determine OMC and MDD because of the extreme discrepancies 
caused when plotting these figures. The lower dry densities cause an erratic plot 
which can be seen in figure 4.10. As this plot was inaccurate and the MDD and 
OMC were not able to be accurately determined, the values in grey were omitted 
for the data and the graph replotted. This further increasing the learning‟s 
achieved from this dissertation, to ensure consistency in results be consistent in 
testing.  
 
 
Figure 4.10- Plot with discrepancies cause by varying operators 
 
 
Figure 4.11- Moisture Content Vs Dry Density for OMC and MDD  
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Figure 4.11 indicates the graph used to determine MDD and OMC. Both 
moisture contents from the four day soil samples and the ten day soil samples 
were plotted and then a line of best fit added.  
 
In conclusion the ten day soaked CBR is a superior representation of the 
potential expansiveness of the soil tested. The ten days soaked CBR test should 
be carried out wherever possible, however if time restraints and funding 
prevents this, the following table has been developed. Column one indicates the 
swell results achieved from four day testing, column two indicates the results 
from ten day testing. Column three indicates the difference between the four day 
testing and the ten day testing and is displayed as a percentage. This was 
determined using equation 1. A multiplication factor average was then 
determined. This can be applied to the four day test results to achieve values 
which best resemble that of the ten day results.  
 
10 day results- 4 day results/ 4 day results= difference…………………1 
10 day results/ 4 day results= multiplication factor……………………..2 
 
Table 4.7- Determining the multiplication factor 
4 Day Results 10 Day Results Difference (%) 
Multiplication 
factor 
12.3 16.2 32.0 1.317 
9.5 13.7 44.2 1.442 
9.6 12.0 25 1.25 
8.2 10.3 25.61 1.26 
6.6 8.0 21.21 1.212 
4.4 6.5 47.7 1.477 
Average Factor 1.33 
 
The multiplication factor was determined using equation 2. The averages of all 
factors were determined. It is recommended that the four day result be 
multiplied by a factor which exceeds all of that found in table 4.7. A 
multiplication factor of 1.5 is suggested for this sample.  If all CBR test results 
are multiplied by a factor of 1.5 the result will more likely be indicative of that 
of the 10 day soaked CBR test results. 
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Expansive soils have been known to contain over 80 percent clay in the 
Toowoomba region. Many investigations held by the Department of Natural 
Resources state that expansive vertosols in this region can often be extremely 
reactive.  Applying a factor of safety the average factor would ensure that all 
soils are catered for. A factor of safety of 1.5 applied to the multiplication factor 
of 1.5, results in a final multiplication factor of 2.25.  
 
Conducting further testing that is similar to that conducted throughout this 
identification would ensure that this assumption is correct and would verify the 
results. The sites chosen for further investigation should be carried out in the 
north, south, east and west directions of Toowoomba to ensure all geographical 
areas are covered. From this data a table and map can be compiled for further 
references.  
 
In conclusion it has been proven that the four day soaked CBR test is inadequate 
as a measurement of swell for reactive soils. A multiplication factor can be 
applied to four day results to make it more comparative with that of the 10 day 
soaked results. If an accurate representation of the potential swell of the soil is 
found in the initial soil testing study, this will allow for an accurate design 
method to be implemented.  
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Varying levels of Compactive effort at varied Percent OMC 
 
Throughout this investigation it has been found that varying levels of 
compactive effort has an effect on the expansiveness of the reactive subgrades. 
Figure 4.8 shows that mould 18 has a higher initial expansion than that of mould 
11, which has lower moisture content. This is not indicative of the other result 
found, however it is justified. Mould 18 received a higher level of compaction 
than any other mould, which therefore increases its expansive potential.  
 
Decrease air voids in expansive soil increases the expansive potential. When 
expansive clays contain large amounts of air voids within the material, the 
addition of moisture forces the soil to expand into these air voids, before 
expanding beyond its surface area. Decreasing these air voids forces the soil to 
expand in volume and surface area significantly.  
 
Various 10 day soaked CBR tests were carried out, in which the moulds were 
initially compacted at 97 percent of MDD. These moulds also varied in moisture 
content at, 100, 85 and 120 percent OMC.  Compaction was difficult to achieve 
throughout this testing as it required different blow application patterns due to 
the varied compactive effort. The following tables present the results achieved.   
 
Table 4.8- Initial four days of testing 
Nominated % Compaction & Moisture Content (10 day 
soaked) 
 
 
    
  
 
Mon 18/08/08 Tues 19/8/08 Wed 20/8/08 Thurs 21/8/08 Fri 22/8/08 Sat 
T08/0787.6 97/100 3.04 8.80 4.9 10.48 6.4 11.37 7.1 12.29 7.9 na 
T08/0787.7 97/85 3.40 16.21 10.9 16.23 11.0 20.50 14.6 22.67 16.5 na 
T08/0787.8 97/120 3.46 4.55 0.9 6.54 2.6 7.72 3.6 8.50 4.3 na 
 
Table 4.9- Final five days of testing 
Sun Mon 25/8/08 Tues 26/8/08 Wed 27/8/08 Thurs 28/8/08 
na 14.01 9.4 14.44 9.7 14.75 10.0 15.67 10.8 
na 25.80 19.1 26.02 19.3 26.35 19.6 26.92 20.1 
na 9.68 5.3 9.91 5.5 10.13 5.7 10.37 5.9 
 
These tables were then charted graphically and can be seen in figure 4.11.   
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Figure 4.12- Results achieved from varied compaction and moisture testing 
 
Discussion 
 
Figure 4.12 indicates that the increased levels of moisture in the moulds with 
100 and 120 percent OMC have significantly less swell then that of the mould 
with only 85 percent OMC and 97 percent MDD. The dry densities used are 
listed in the following table.  
 
Table 4.10- Compaction and Moisture Information from Testing 
  
Achieved 
Initial 
M/C % 
Dry Density 
(t/m3) OMC (%) MDD (%) 
34.9 1.271 97 97.8 
28.7 1.279 80 98.4 
42.2 1.258 117 96.8 
 
The Dry Densities used in this testing are similar to that of previous testing and 
contain similar swell results. The mould which consisted of only 85 percent 
OMC had the greatest swell out of any of the tests previously carried out. This is 
because it contained the lowest moisture content, of only 30.6 percent. This 
further reinforces the findings that lower moisture content results in greater soil 
expansion.   
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Application of Variable Surcharge Loadings 
 
It is commented by many scientific articles and research papers that the effects 
of compaction during construction may have an effect on the expansion potential 
of the soil. As well as this information it is believed that loading applied to the 
subgrade before and after construction can suppress expansion.  
 
This test aims to apply a series of loads during soaking to prove that this theory 
is correct and that Main Roads Toowoomba should be constructing roads which 
contain a significant level of overburden underneath the seal.  Main Roads 
designers are not designing roads which have significant height off the subgrade 
as it is believed to cost excess money and alter flood flow patterns. This testing 
aims to subsequently change the opinion of design staff. Spending money 
initially on overburden costs may potentially save money on rehabilitation costs.  
 
Several masses were applied to five different moulds during testing. These 
weights were standard specification surcharge weights which can be related to 
design considerations. The moulds consisted of, 0, 0.5, 1, 1.5 and 2 times 
surcharge masses. These five moulds also received a higher level of compaction 
then previous tests, with all moulds receiving over 100 percent MDD. The 
following tables list the results obtained.  
 
Table 4.11- Nominated Compaction Test Results (4 Days) 
Nominated % Compaction & Moisture Content (10 day Soaked) 
 
   
  
Mon 18/08/08 Tues 19/8/08 Wedn 20/8/08 Thurs 21/8/08 Fri 22/8/08 Sat 
T08/0787.2 0 mass 1.55 12.60 9.4 16.96 13.2 19.85 15.6 21.16 16.8 na 
T08/0787.3 .5 m 0.90 8.28 6.3 10.59 8.3 20.56 16.8 13.70 10.9 na 
T08/0787.4 1.5m 2.06 6.38 3.7 7.40 4.6 8.70 5.7 8.98 5.9 na 
T08/0787.5 2.0m 1.00 4.40 2.9 5.57 3.9 6.35 4.6 6.91 5.1 na 
 
Table 4.12- Nominated Compaction Test Results (10 Days) 
Sun Mon 25/8/08 Tues 26/8/08 Wed 27/8/08 Thurs 28/8/08 
na 23.92 19.1 22.68 18.1 25.37 20.4 25.67 20.6 
na 16.13 13.0 16.62 13.4 17.66 14.3 17.63 14.3 
na 10.59 7.3 10.90 7.6 11.28 7.9 11.64 8.2 
na 8.68 6.6 9.02 6.9 9.68 7.4 9.87 7.6 
 
These results were then plotted graphically in figure 4.12.  
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Figure 4.13- Variable Surcharge Loading Test Results 
 
 
Table 4.13- Information for Surcharge Loadings 
 
Initial M/c % Dry Density Achieved 
  (t/m3) OMC (%) MDD (%) 
35.1 1.308 98 100.6 
35.0 1.310 97 100.8 
35.0 1.310 97 100.8 
35.1 1.309 98 100.7 
 
Discussion 
 
Table 4.13 indicates the dry densities achieved before testing was carried out. 
The compaction achieved was significantly greater then that of any other testing. 
Figure 4.13 signifies that the mould which contained no surcharge loading and a 
high level of compaction had the highest level of swell out of any test. This 
further reinforces the assumption that over compacting reactive clays results in 
greater expansion when exposed to moisture.  
 
Figure 4.13 concludes that the greater the amount of surcharge loadings placed 
on the expansive clay the lesser the expansion that occurs. These surcharge loads 
act as a downward force which counteracts the pore water pressure caused by 
the expanding soil. Thus applying quantities of overburden above the subgrade 
during construction is one example of how expansion can be minimised.   
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Altering Depth of Material in CBR Mould 
 
To ensure optimum penetration of moisture into the mould, attempt to determine 
the equilibrium moisture content of soil and reach maximum expansion, the 
mould was compacted to one third of its capacity, that is, the mould only 
contained one third of the amount of soil. This would ensure optimum moisture 
penetration and peak expansion. The results obtained from this test can be seen 
in figure 4.14.  
 
Figure 4.14- One Third depth of Mould Testing 
Discussion 
 
The initial moisture content of the soil within this mould was 34.8 percent. The 
soil discontinued expansion at its peak moisture content of 57.5 percent where it 
then proceeded to fluctuate minimally.  
 
The achieved MDD and percent of OMC of this test were 96.8 and 117 percent 
respectively.  This test is inconclusive as it did not proceed to swell to a 
significant level like originally envisaged. This is believed to have been caused 
as a result of reaching its equilibrium state rapidly as the moisture did not need 
to travel downward gradually throughout the mould, but rather rapidly. The 
equilibrium moisture content is believed to be 57.5 percent Moisture Content 
and 117 percent OMC.  
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Moisture Contents within Each Mould 
 
To determine the accuracy of the CBR test method as a method of swell 
measurement, it was essential to measure the level of moisture penetration into 
the mould. In nature moisture can enter the subgrade through a variety of 
climatic conditions, ground water table penetration, and penetration through the 
pavement shoulders. As the mould is impermeable water is unable to enter 
through the sides and thus unable to represent moisture penetration through the 
shoulders. For this reason it was important to assess the moisture content of the 
mould, broken into sections, after testing. 
 
After penetration and testing the soil cylinder from the mould was cut into three 
equal sections, and the moisture content determined. The mould was broken into 
Top, Middle and Bottom thirds. Table 4.14 indicates the moisture penetration 
which occurred in all forms of testing, four and ten day soaked CBRs, variably 
compacted CBRs and the surcharge loaded CBRs.  
 
The moisture contents from the six moulds in each of the above mentioned 
parameters were graphed in the following plots.  
 
 
Figure 4.15- Final Moisture Contents from four day soaked CBR test. 
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Figure 4.16- Final Moisture Contents from ten day soaked CBR test. 
 
 
Figure 4.17- Final Moisture Content from variable CBR moulds 
 
Discussion 
 
It can be seen in figure 4.15, 4.16 and 4.17 that the top 1/3
 
of the CBR mould 
receives the maximum moisture penetration and the bottom generally receiving 
the lesser. This is because of the structure of the mould itself, which has an 
enclosed bottom with several holes to allow water to permeate. The top is open 
to atmosphere which allows maximum penetration from the surface, then 
gradually penetrates downwards by gravity. The peak total moisture content can 
be seen to be 57.5, with the average of approximately 48.0 percent.  
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CBR Strength Results 
 
Table 4.14- Table of CBR Test results for all Forensic Testing Purposes 
  
Final Moisture Contents 
% 
Initial M/c 
% 
Dry 
Density CBR CBR 
 T08/078
7 
Initial 
MC Top Middle Bottom Total 
 
(t/m3) 2.5mm 5.0mm 
  Mld 6 31.5 57.9 45.4 35.8 44.5 31.5 1.292 0.3 0.3 
  Mld 29 34 56.7 42.3 36.9 44.1 34.0 1.309 1.2 1.0 
  Mld 17 36.9 56.3 43.1 38.2 44.6 36.9 1.289 0.8 0.8 
  Mld 27 39.1 54.6 42.3 40.3 45.4 39.1 1.268 1.5 1.2 
  Mld 22 42.9 54.6 43.9 43.2 46.9 42.9 1.246 1.5 1.3 
  Mld 19 43.7 53.5 44.4 45.1 47.2 43.7 1.222 1.5 1.2 
  
            
  
Final Moisture Contents 
% 
Initial M/c 
% 
Dry 
Density CBR CBR 
  
  
Top Middle Bottom Total 
 
(t/m3) 2.5mm 5.0mm 
  Mld 10 31.9 59.0 50.9 42.7 50.9 31.9 1.233 1.1 0.9 
  Mld 14 31.9 59.6 50.7 50.6 53.8 31.9 1.191 0.7 0.7 
  Mld 11 34.1 56.7 47.5 39.3 47.1 34.1 1.270 0.6 0.6 
  Mld 9 34.1 57.0 51.4 46.4 51.5 34.1 1.192 0.5 0.5 
  Mld 18 36.1 56.0 45.9 39.5 46.5 36.1 1.288 0.7 0.7 
  Mld 21 39.2 55.3 46.6 41.5 47.3 39.2 1.259 1.2 1.1 
  Mld 15 41.3 55.7 46.9 43.7 48.1 43.7 1.254 1.3 1.0 
  Mld 5 43.7 53.7 46.1 44.3 48.1 41.3 1.228 1.4 1.1 
  
             
 
 
Final Moisture Contents 
% 
Initial M/c 
% 
Dry 
Density CBR CBR Achieved 
  
Top Middle Bottom Total 
 
(t/m3) 2.5mm 5.0mm 
OMC 
(%) MDD (%) 
T08/078
7.2 0 mass 63.0 54.1 44.2 51.4 35.1 1.308 0.3 0.4 98 100.6 
T08/078
7.3 .5 m 57.9 48.6 39.9 48.2 35.0 1.310 0.7 0.7 97 100.8 
T08/078
7.4 1.5m 53.0 39.2 37.3 42.5 35.0 1.310 1.6 1.4 97 100.8 
T08/078
7.5 2.0m 50.9 38.3 38.1 41.9 35.1 1.309 1.6 1.3 98 100.7 
T08/078
7.6 97/100 56.3 43.4 43.0 47.3 34.9 1.271 1.1 1.1 97 97.8 
T08/078
7.7 97/85 71.8 51.7 39.6 54.0 28.7 1.279 0.4 0.4 80 98.4 
T08/078
7.8 97/120 54.2 44.9 43.3 47.0 42.2 1.258 0.8 0.7 117 96.8 
T08/078
7.9 1\3rd 57.5 na na 57.5 34.8 na na na na na 
 
*CBR strength values are highlighted in yellow 
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Discussion  
 
Table 4.14 indicates the CBR strength of subgrade at both 2.5 and 5.0 mm 
penetration. The results are expected, with the highest subgrade strength being 
1.6 MPa and the lowest being 0.3MPa.  
 
The CBR testing was conducted for a comparison with DCP testing in the 
forensic investigation of pavement failures. The accuracy of the CBR as a means 
of testing subgrade strength of expansive soils will be validated and compared 
with that of the insitu CBR.  
 
The results in table 4.14 reinforce the argument that expansive soils are 
responsible for severe pavement deformations such at rutting, roughness and 
shoving. With minimal resistive strength, heavy vehicles are applying loads 
which greatly exceed its resistive capacity, and eventually lead to surface 
deformations.  
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4.4.3 Conclusion (s)  
 
In conclusions the objectives of this investigation were successful in achieving 
all desired outcomes. It was proven that increasing moisture content prior to 
construction decreases the soil propensity to expand when introduced to water. 
When comparing the four day soaked CBR test with the ten day soaked CBR it 
was proven that the ten day test presents results which are much larger then that 
of the four day test results. A multiplication factor is needed to be used if four 
day soaked CBR tests are to continue being used by the Department of Main 
Roads and other like testing authorities.  
 
It was proven that over compacting expansive soils during construction has a 
negative impact of soil expansion. Instead of reducing expansion like many 
assume it behaved the opposite and caused an increase in the soils potential to 
expand. Dry Densities of 1.0 or less are proposed to reduce soil expansion when 
moisture ingress occurs.  
 
The application of surcharge loadings to expansive soils indicate that swell is 
counteract by the downward force produced from the self weight of the objects. 
The objects represent amounts of overburden used in the field to lift the 
pavement seal away from the expansive soil and subsequently repress expansive 
potential.  
 
Decreasing the depth of soil contained within the mould proved to be ineffective 
in determining expansion however is believed to have determined the 
equilibrium moisture content of the soil. The soil contained within the mould 
reached a maximum moisture content of approximately 57.5 percent and a 
maximum swell of 5.5 percent. When multiplied by three for a comparison with 
standard moulds this in turn results in moisture content of 16.5 percent which is 
a reasonable result. It can be assumed that if peak moisture penetration is applied 
to a standard CBR mould it would also reach an equilibrium moisture content of 
57.5 percent. This assumption appears correct as the moisture content of the 
standard mould was determined and it is non uniform throughout the depth. The 
top third has the highest moisture content, with the lowest the bottom third. 
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4.5 Forensic Investigation of Pavement Failures 
 
4.5.1 Introduction 
 
The Department of Main Roads Toowoomba often spends little money in 
investigating low volume roads experiencing significant road failure. This limits 
the knowledge available to designers and interferes with road performance and 
design life. By investigating a road constructed on severely expansive soils a 
significant number of relevant tests can be identified and performed. These test 
results indicate the soils propensity to volume change and can in future be used 
to develop designs and construction procedures which minimise the effects of 
moisture ingress into road pavements.  
 
The soil tests described hereafter provide information on the soils shrink 
characteristics, swell potential, strength capacity, as well as the percent clay 
diffraction. Determining the soils particle characteristics and relating this to its 
strength and shrink swell properties, allows future soils located in similar areas 
to be classified without the use of overarching testing procedures.   
 
These soil tests also aim to identify the causes of the pavement failures and 
investigate exactly how they are occurring. This in turn provides information 
which can be used to design future road pavements which aren‟t susceptible to 
this type of damage.   
 
The results and analysis of the Forensic Investigation into Pavement Failures on 
expansive subgrades are discussed on the next page.  
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4.5.3 Results and Analysis 
 
4.5.3.1 Non- Destructive Condition Survey 
 
Several non destructive test methods were used to assess the condition of the 
Toowoomba-Cecil Plains Road. The test methods used were;  
 
 Visual Assessments 
 Road profile survey (Level) 
 Rutting and Roughness Information 
 
Visual Assessments 
 
Examination of Pavement failures 
 
The assessment criteria for the TCP Road were as follows; 
 
1. Is the failure isolated or is it continuous throughout? 
2. Is the failure occurring in both directions and to what extent? 
3. Are there any obvious contributing factors which may be related? 
4. Where is the failure in terms of the profile of the road? 
 
Criteria 1: Is the failure isolated of continuous throughout?  
 
Failures were consistent throughout the entire length of the project; however 
there were areas which were more apparent then others.  As seen in figure 4.2, 
4.3 and 4.4 there are areas throughout the project which consist of design 
features such as lime stabilisation and impermeable geo-membranes. These 
sections performed to a condition which exceeded the standard type cross 
sections. Rutting, Roughness, Potholing, cracking and severe surface movement 
were evident throughout the entire length of the project, which emphasises that 
current design features provide only minimum resistance which only resists 
movement temporarily.  
  
   165 
Criteria 2: Is the failure occurring in both directions and to what extent? 
 
As explained in section 4.2.4 the pavement damage in the westbound direction 
far exceeded the damage in the Eastbound. During site investigations in was 
obvious the heavy vehicle traffic in the direction of Cecil Plains was greater then 
that of the Toowoomba direction. Heavy vehicle traffic in the Cecil Plains 
direction contained fully loaded cotton carriages, which placed further stress on 
the pavement during periods of subgrade weakness.  
 
Criteria 3: Are there any obvious contributing factors which may be related? 
 
Drainage in the Table Drains of the TCP Road is not occurring and water has 
been noted to have remained in the table drain for periods up to 14 days, 
excluding period of ongoing wet weather. This is a major contributing factor to 
moisture seepage through the pavement shoulders, and subsequent rising of the 
pavement subgrade and capillary rising of the ground water table adjacent to the 
roadway. Improving drainage is a key rehabilitation practice which should be 
implemented on the TCP Road.  
 
Surface cracking is a direct contributor to pavement deformation. It is apparent 
on the TCP Road wherever surface cracking occurs on the pavement shoulder, 
severe ruts and shoves occur parallel to it. When the impermeable seal cracks, 
water can seep through the surface to the underlying pavement material and 
increase moisture conditions. This increased moisture conditions cause a 
reciprocal decrease in pavement strength and consequently results in severe 
pavement deformation such as the above mentioned. This occurs particularly in 
the areas which do not contain the impermeable geo-membrane underneath the 
pavement seal.  
 
Criteria 4: Where is the failure in terms of the profile of the road? 
 
Most road failures occur from the outer wheel path to the road shoulders where 
the pavement is susceptible to moisture seepage through the pavement 
shoulders. Failures also occur wherever cracking is observed, which 
subsequently occurs where extensive expansion occurs and expansion occurs 
outside the outer wheel path.   There is a cyclic relationship observed.  
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Moisture Entry   
 
Expansive subgrade failures are a direct result of moisture entry into the 
subgrade material. Moisture can enter the pavement through a variety of 
different paths, such as, unsealed shoulders, capillary water movement through 
the pavement edge, surface cracking and poor pavement drainage both before 
and after construction. All of these conditions are responsible for moisture entry 
in the TCP Road.  
 
 
Figure.4.18- Water in the table drain of the TCP Road  
 
Figure.4.18- Water in the table drain of the TCP Road can be seen to remain in 
the table drain for extended periods of time during wet and overcast weather 
climates. This water seeps into the underlying subgrade and causes severe 
expansion, resulting in deformation of the roadway in forms of cracking and 
crossfall changes.   
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Geology and Soil 
 
Soil colour is often an obvious indicator of the type of soil evident. Soils that are 
saturated for long periods are often dominated by olive grey, bluish grey and 
greenish grey colours, with white speckles of calcium throughout. Patches of red 
mottles may also occur.  
 
The soil located at the TCP Road upon first inspection appeared black-brown, 
which indicates highly expansive materials. A visual examination of the colour 
and texture of each soil layer occurred during the excavation of the test pit.  
 
The results of the visual examination are as follows, these results can also be 
viewed in appendix C1, in the required Main Roads formats. The below table 
indicates the visual properties of the soil as it changes with depth.  
 
   Table 4.15- Soil Properties as it changes with depth 
 
Varying Depth Description of Soil 
0.1 b
u
c
k
e
t 
  M    OH 
 
Overburden 
 
Organic silts and clays of Medium to High plasticity. The 
surface 550mm consisted of light brown overburden with 
grasses.  
 
There was no surface cracking as moisture was evident 
from rain on previous day. Soil contained no rock or other 
constituents  
0.2        
0.3        
0.4        
0.5 
       
0.6 
   M    C
H 
 
Sandy CLAY 
 
Scattered red/yellowish-brown/grey, high plasticity, max 
size 5mm. 
 
 Some fine gravel - red-brown, sub-rounded, Appears to 
be a fill material, layered from deposition  
 
0.7          
0.8 
       C
H 
Black Clay 
 
 Inorganic clays of high plasticity, fat Clays.  
From 550mm depth to 1200mm depth the soil appeared to 
be highly plastic clay with black colour, and small white 
rock speckled throughout.  
 
0.9         
1.0 
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1.1    M      
1.2 
       C
H 
Shiny Black-Grey Clay 
 
Soil appears consistent through to 2.0m depth. It appears 
to be typical highly plastic expansive clay.  
 
 
 
Appears dark grey in colour. Soil texture begins to change 
towards equilibrium moisture content.  
1.3         
1.4         
1.5         
1.6    M     
1.7         
1.8         
1.9         
2.0         
2.1 
   M    C
H 
Light Grey Clay 
2.2 
        Soil is lighter in colour and appears to be at equilibrium 
moisture content.  
 
Soil is less plastic and is more brittle when fractured. Soil 
has a smooth surface texture.  
2.3          
2.4          
2.5         Hole terminated at 2.5m 
            
 
 Clays from 0- 0.5m had a wet feel (W) with a moderately dense 
consistency (MD) and appeared to be of OH grouping.  
 Clays from 1-2.5m had a moist feel (M) with a dense consistency and 
appeared to be of CH grouping. 
 
OH soils are organic clays with high plasticity. CH silts and clays are inorganic 
clays of high plasticity (fat clays). All geological terms and symbols used to 
determine the soils characteristics can be seen in appendix C2. 
 
It can be noted that as the soil changes with depth the colour changes. This 
change in colour often represents a change in soil characteristics and expansive 
properties. The surface soil was viewed to be highly expansive black clay and as 
the test pit was excavated to a depth of 2.5 the colour gradually changed to grey, 
less expansive soil. This indicates that soils at greater depths are saturated for 
longer periods of time and generally at equilibrium moisture content. This will 
be discussed further in construction guidelines. 
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Road Profile Survey 
 
The road profile survey is useful in measuring the expansive behaviour of the 
subgrade. Road profiling can provide evidence of where significant subgrade 
expansion occurs in terms of the cross section of the roadway. This is useful 
when investigating rehabilitation techniques or pavement failures.  
 
Road profiling was completed for a section of 500m on the Toowoomba-Cecil 
Plains Road at 20m chainage intervals. The section chosen to profile was 
randomly selected, as the extent of pavement winging up was consistent 
throughout the entire length of the project.  
 
Using a spirit level, trundle wheel and paint can readings were taken at 0.5, 2.0, 
2.5, 3.0 and 3.5m offsets from the road centreline. The results can be seen in 
Table 4.16- Table of Subgrade Crossfall Changes on TCP Road. Highlighted in 
yellow is the positive crossfall of the roadway, where the grade has changed 
from -3.5% to an average of positive 1.0%. In extreme cases, crossfalls along the 
roadway can be in excess of +3.0%, Refer to figure 4.19.  
 
The crossfall changes are caused by moisture seeping through the pavement 
shoulders to distances of 3.0m towards the pavement centreline. This causes 
expansion of the subgrade which transfers to movement of the overlying 
pavement materials and eventually the pavement surface. Note crossfall 
appearance in below diagram is exaggerated for display purposes.  
 
-3.5%
-1.5%
0%
+1.5%
+3.5%
 
 
Figure 4.19- Cross Sectional diagram of crossfall changes
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Table 4.16- Table of Subgrade Crossfall Changes on TCP Road 
 Starting Chainage 57.7 km   Direction 
  Chainage 0 20 40 60 80 100 120 140 
Offset off Centreline(m)   C T C T C T C T C T C T C T C T 
0.5 
Crossfall 
(%) 
2.5 3.1 3.2 2.4 2.7 2.3 3.2 2.7 2.6 3.3 3.2 3.2 2.4 2.8 2.5 3.3 
2 2.2 3.3 3 3.1 3 0.5 3.4 1.6 3.1 2.6 3 2.6 3.4 2.6 2.7 3.6 
2.5 1.1 2.3 2.9 2 2.2 0.4 2.8 0.2 0.4 1.3 0.3 1.1 1.9 1.1 0.7 1.1 
3 0.1 1.2 1.6 0.3 0.9 0.3 1.8 0.9 1.2 0.4 0.9 0.3 1.1 0.2 0.6 0.7 
3.5 1.1 0.4 0.4 1.1 0.1 0.9 0.7 1 1.8 1 0.6 -1.4 1.2 0.4 0.2 -0.5 
                  
                  
    Direction 
  Chainage 160 180 200 220 240 260 280 300 
Offset off Centreline(m)   C T C T C T C T C T C T C T C T 
0.5 
Crossfall 
(%) 
2.4 5.1 2.5 4.1 2.8 3.5 3.2 3 2.6 4.1 2.4 3.9 3.4 3.6 2.8 3 
2 2.6 4.4 3.3 4.7 3.6 3.4 3 2.1 2.2 2.9 2.7 3.2 3.6 3.8 2.3 0.1 
2.5 1.2 2.6 2.7 2.9 3 1.6 2.1 0.2 1.3 0.8 0.5 1.4 2.2 2.4 1 0.6 
3 0.1 1.1 1.6 1.8 2.3 0.9 0.6 1.3 0.1 1.1 0.3 0.9 0.4 0.9 0.5 0.9 
3.5 0.6 1.7 0.5 2.7 0.5 0.1 0.2 1.4 0.2 1.9 1.1 1.2 0.8 0.2 1.5 -0.5 
                  
                  
    Direction 
  Chainage 320 340 360 380 400 420 440 460 
Offset off Centreline(m)   C T C T C T C T C T C T C T C T 
0.5 
Crossfall 
(%) 
2.9 3.3 2.8 3.5 3.3 2.4 5.1 3.2 2.4 2.8 2.8 3 2.5 3.1 2.6 3 
2 3.5 2.9 3.4 2.6 3.6 2.6 4.4 3.4 3.4 2.6 2.3 0.1 2.2 3.3 2.1 3.1 
2.5 2.2 2.6 2.1 2.4 1.8 1.2 2.6 2.8 1.9 1.1 1 0.6 1.1 2.3 2 2.4 
3 0.8 1.2 0.6 0.8 0.9 0.1 1.1 1.8 1.1 0.2 0.5 0.9 0.1 1.2 0.5 1.1 
3.5 0.5 0.8 0.8 0.3 0.6 0.6 1.7 0.7 1.2 0.4 1.5 -0.5 1.1 0.4 1.5 0.8 
 
*Note: T=Toowoomba, C=Cecil Plains
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Rutting and Roughness Information 
 
Rutting and Roughness information is useful in determining the rate of 
deterioration of the road over time. The TCP rutting and roughness information 
was sourced for these reasons.  
 
The failure mechanism of Rutting and Shoving is in evidence along the TCP 
Road and is not limited to a particular cross section type or part of the section 
 
The major failure mechanism involves: 
 
 Rutting of 16 to 49mm 
 Embedment of Stone into the base course 
 Fatty surface caused by stone embedment 
 Shoving occurs soon after fatty surface development 
 
Rutting failures along the TCP Road are summarised in the following table:  
 
Table 4.17- Rutting and Roughness on TCP Road 
 Roughness Rut AVG (mm) Rut MAX (mm) 
Jan 2004 147 16.4 45 
Jan 2006 142 21.5 49 
Dec 2006 128 20.4 46 
 
Listed below is the failure type and hypothesis for probable causes. 
 
General Rutting and Shoving 
 
 Lack of strength in Base 
 Base is excessively plastic 
 Subgrade strength inadequate 
 Subgrade moisture high 
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Possible contributors to failures can be summarised: 
 
Construction Problems: 
 
RoadTek the Construction Contractor for TCP Road went completed the project 
in several packages across the year.  Significant rainfall half way through the 
project postponed finalisation of construction for a 6 month period/.This may 
have contributed to poor quality work due to financial pressures on the 
company, which may have extended back to start of the job. 
 
Material Problems: 
 
Materials testing from the trenching indicate material in the subgrade is of high 
plasticity and is not ideal for road construction. Funding restrains in the 
Toowoomba districts prevents remove and replace with unbound granular 
materials.  
 
Design Problems: 
 
As seen in appendix B, the pavement design of the TCP Road, it can be noted 
that various design features were implemented throughout this project with little 
consistency. Funding restraints, wet weather delays and contractor commitments 
caused this project to be completed over a 12 month period with several design 
features as apposed to one successful design feature. Changes in cross section 
caused crossfall differentials and subsequent surface flow changes ponding 
water in variable areas of the roadway. This combined with other factors, over 
time had dire affects on its performance.   
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Using a method developed by Smith (2004), shown in Table 4.18-   Possible 
failure causes for rutting, with associated information. is a method of determining 
possible cause of rutting on the TCP Road. 
 
Table 4.18-   Possible failure causes for rutting, with associated information. 
Possible Failure 
Cause 
Information 
Inadequate pavement 
thickness 
No evidence 
Weak subgrade 
CBR testing indicates that the subgrade has poor 
strength characteristics. 
Weak base 
Plastic Property Tests indicate degradation of base 
material may be occurring. 
Surfacing lack of 
strength / stability 
No evidence.  Surfacing stable and exhibits high 
strength.  Breaches only occur at extreme shoves, ruts 
and cracking. 
Inadequate 
Compaction 
Construction records indicate high compaction 
confirmed by density results when trenching. 
Poor Material 
Quality 
Subgrade material is of poor quality. Tests indicate 
expansive clay properties, with high expansion and 
poor strength. 
Excessive Moisture 
Moisture content is significantly high throughout the 
subgrade and is evidence of seepage into the granular 
layers 
Very high traffic 
loading 
Higher heavy vehicle traffic loading then expected in 
design 
Interaction between 
layers 
During trenching operation moisture was apparent in 
all pavement layers. 
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Using a method developed by Smith (2004), shown in Table 4.19, is the 
determination of possible cause of Shoving on the TCP Road. 
 
Table 4.19-   Possible failure causes for rutting, with associated information. 
Possible Failure Cause Information 
Inadequate 
strength/stability in 
surfacing or base material 
Excessive Plasticity in Base may be a 
problem.  Strength not tested. 
Poor bond between 
pavement layers 
 
No evidence 
Lack of containment of 
pavement 
edge 
 
Large shoulder and Verge meant edge was 
well confined. 
Inadequate pavement 
thickness overstressing the 
subgrade 
 
A larger pavement thickness would have 
provided weight to help suppress expansion 
Excessive moisture 
 
High levels of moisture in subgrade and lower 
sub-base. 
 
All information indicates severe rutting and roughness occurring as a result of 
deep moisture penetration into the pavement subgrade, and consequently 
decreased pavement strength. These factors combined with heavy vehicle 
loading cause severe pavement deformation. Recognition of this combined with 
an effective rehabilitation strategy, such as the strategy carried out on TCP 
Road, can be used to prevent further failures from occurring on similar projects.   
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Figure 4.20- ARMIS Information on Rutting and roughness (TCP Road) 
 
 
Figure 4.20 shows the rutting and roughness information taken from the Main 
Roads ARMIS system. This diagram shows the average rutting and roughness 
between chainages 50-60.0km, which is the particular focus of this investigation.  
 
Chart 3, the lowest chart, shows the extent of cracking on the TCP Road. It is 
evident that all cracking is occurring in lane one, where majority of heavy 
vehicle traffic traverses. Cracking occurs as a result of rapid swelling and 
shrinking of the pavement subgrade. Severe expansion occurring on the TCP 
Road is being suppressed, to an extent, by the level of heavy vehicle traffic 
using this road annually. These consequently cause the swell and shrink effect 
which subsequently results in cracking.  
 
Although cracking appears minimal, it directly increases the pace of pavement 
deterioration. The information shown in figure 4.20 was recorded in the 
2006/2007 year, before the pavement rehabilitation was carried out.  
  
   
 
176 
4.5.3.2 Destructive Testing 
 
After visual examination it became apparent that further investigations were 
needed to determine the probable causes of failures on the TCP Road. The 
following tests were decided upon with the consult of many professional staff at 
the Department of Main Roads. Tests were also researched and their relevance 
reviewed. All test used to determine the characteristic properties of the soil 
located at the TCP site is listed and analysed below.  
 
Several tests were able to be carried out on site without the need for testing 
apparatus located in a soil laboratory. These tests consisted of Trenching and 
Coring, Subgrade Profile Survey (stringline) and the Dynamic Cone Penetration 
Test.  
 
Trenching and Coring 
 
Before testing could be carried out it was necessary to trench several sections 
throughout the roadway. Trenches were chosen to be carried out at chainages 
55.7, 55.9 and 58.14 kilometres. The criteria addressed in selecting which 
chainages to conduct trenching operations consisted of, selecting an area 
exhibiting failure, a section that was performing well and an arbitrary section 
within chainages 50.0 to 60.0km.  
 
A backhoe was used for all trenching purposes and private soil testing contractor 
was hired to core the subgrade. Due to the high moisture content of the 
expansive subgrade it was difficult to extract cores whole. It was often necessary 
to attempt to extract samples several times. Five (5) cores were taken from each 
trench to ensure a spread across the cross section or width of the lane.   
 
The purpose of coring the subgrade is to perform compressive cylinder testing 
on the cylindrical cores. This provides information of the compressive strength 
of the soil, its susceptibility to withstanding loading and thus the overall 
condition of the subgrade. Figure 4.21 and 4.22 show the typical cylinders which 
were extracted from the TCP Road, subgrade.  
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Figure 4.21- Cylinder taken from TCP Road at Ch. 55.7km 
 
Figure 4.22- Cylinder taken from TCP Road at Ch. 55.9km 
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Figure 4.23- Trenching being carried out on the TCP Road 
Figure 4.24-Extracting the cores from the TCP Subgrade at chainage 55.7km  
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The results from the investigation is summarised in the following table. Table 
4.20 indicates the subgrade strength from the five (5) different samples within 
each trench. 
 
Table 4.20- Subgrade strength at three (3) trench locations 
 
Chainage   
55.7 Km 
Core 1 2 3 4 5 
MPa 1.33 0.57 1.45t &1.05b 0.21 1.11 
Chainage   
55.9 Km 
Core 6 7 8 9 10 
MPa 0.66 1.80 1.42 0.94 0.39 
Chainage 
58.14 
Core 11 12 13 14 15 
MPa 0.62 1.41 1.62 0.48 0.43 
 
Discussion 
   
The results from the compressive cylinder test indicate that the subgrade 
strength is extremely poor. Expansive subgrade strength of generally 3 to 5 MPa 
is deemed acceptable within the Department of Main Roads. This poor subgrade 
strength provides further evidence of the cause of the rutting, roughness, 
flushing and shoving failures. Standard granular materials, un-stabilised, on 
average have subgrade CBR values of 15 MPa. This is also a measurement of 
subgrade strength and highlights the poor quality material expansive soils are, as 
a road subgrade.  
 
Implementing several rehabilitation strategies such as lime, cement and fly ash 
stabilisation all provide means of increasing subgrade strength. Products such as 
Quicklime improve bonds between soil particles which results in increased 
pavement strength and subsequent decreased pavement deformation potential.   
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Subgrade Profile Survey (stringline)  
 
To measure the severity of the pavement crossfall changes it was necessary to 
carry out a profile survey. This survey was completed by measuring the depth of 
pavement layers at several distances across the lane. This was carried out using a 
stringline and tape measure. The results from this investigation validate the 
accuracy of the profile survey carried out using the trundle wheel and spirit 
level. Validation of this method allows for assurance that the non destructive 
means of crossfall measurement is accurate and reliable. Non destructive test 
methods should be carried out wherever possible as it is often time and cost 
effective.   
Figure 4.25- Pavement Profile of TCP Road at Ch. 58.14 kilometres 
 
Discussion 
 
Figure 4.25 shows the cross sectional view of the pavement located on the TCP 
Road at chainage 58.14km. From this figure it is apparent that the crossfall 
significantly changes at 3.2m away from the centreline, which is approximately 
the outer wheel path.  The rise in cross fall is caused by moisture seepage 
through the pavement shoulder. At present the moisture has travelled to a 
distance of 0.8m from the pavement shoulder causing subgrade expansion.  
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From this pavement profile it is evident that a small change in subgrade shape is 
exacerbated over distance and causes a major deformation and loss of surface 
shape. Preventing moisture seepage through the shoulder via means of vertical 
moisture barriers is one common design practice used by Victoria‟s Road 
Authority, Vic Roads.  
 
Figure 4.26- Pavement Profile of TCP Road at Ch. 55.9 kilometres  
 
Figure 4.26 is the pavement profile taken at chainage 55.9 km. Similar to figure 
4.25 this profile exhibits a similar rise in pavement surface at a distance of 3.2m 
from the road centreline. Again, this is believed to have resulted form moisture 
ingress from the pavement shoulders. The consistency of pavement rising at the 
outer wheel path leads to the assumption that vehicular loading in the outer 
wheel path may be preventing moisture from further ingress. This was consistent 
in cross sections which had considerably larger pavement shoulders of up to 
2.0m.  The moisture was viewed to be travelling a distance underneath the 
roadway until it reached the outer wheel path, where heavy vehicle loading is 
causing compaction and thus believed to be preventing further seepage. The 
variable surcharge loaded CBR test indicated that surcharge loading can 
suppress soil expansion. The vehicle loads exhibited in the outer wheel path 
parallel this suppressing motion which results in the above surface profile.  
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Dynamic Cone Penetration (DCP) 
 
The Dynamic Cone penetration Test (DCP) is a test carried out to measure the 
insitu CBR of a road subgrade. Measuring an insitu CBR provides an estimate of 
the road subgrade without the added disturbance caused by removing the 
samples. This test was carried out as a comparison to the CBR testing carried out 
in the RoadTek Soil Laboratory. The compaction which is simulated in the soil 
laboratory is not always indicative of that which is achieved in the field. Over 
time the compaction level may decrease, moisture may increase and 
subsequently have an affect on the strength of the material.  
 
The DCP test was carried out on the 29
th
 of May 2008 at chainage of 55.91km, 
approximately 3.5 metres offset from the centreline. Details of the pavement 
subgrade are summarised in the following table. 
 
Table 4.21- Results from DCP Testing at Chainage 55.91km  
Details of Pavement/Subgrade Materials CBR Test Results (Q114B-1978) 
Description Thickness M.C 
(%) 
Sample 
No. 
Thickness CBR Value Depth 
Seal 20      
Base/Subbase 
-Wagners Malu 
200      
Lower Subbase 
-White Rock 
115      
Subgrade SUBGRADE  
78 
 
390 
 
132 
 
140 
 
 
2.0 
 
2.5 
 
3.5 
 
4.0 
 
 
50mm 
 
120mm 
 
510mm 
 
650mm 
 
790mm 
  
 
 
48.8 
 
 
 
TO8/0589 
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The information contained in Table 4.21 can be seen graphically below in  
figure 4.27. 
 
 
Figure 4.27- DCP Test Results at chainage 55.91km. 
 
Table 4.22- CBR Values at Varying Depths 
Layer Depth (mm) CBR Value 
50 to 128 2.0 
128 to 518 2.5 
518 to 650 3.5 
650 to 790 4.0 
 
Discussion 
 
Table 4.22 provides the results from the DCP testing. Testing indicates that the 
subgrade strength increases with depth. This can be expected as the greater the 
depth, the less exposure to moisture and moisture variations. The results from 
this form of testing do not compare favourably with that of the compressive 
cylinder testing and the laboratory CBR testing.  Lab testing indicates a soaked 
CBR strength of 0.3 to 1.5 MPa and the compressive cylinder testing provides 
similar results. This does not however, provide enough evidence to conclude that 
the DCP testing is inaccurate. The DCP testing because it‟s undisturbed, it‟s 
believed that the bonds between soils particles are strong and unbroken, thus 
resulting in increased subgrade strength.  
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 Material Grading (Atterberg) - RoadTek & Herston Soil Labs 
 
The linear shrinkage test determines the potential shrink of the soil when 
exposed to extreme temperatures in dry summer months. The plasticity index 
and liquid limit testing determine the clay properties, and elasticity of the 
material. These tests were carried out in the RoadTek soil laboratory under the 
supervision of soil testing staff. All material grading tests were completed using 
material from the test pit located at chainage 57.0km, approximately 15 metres 
offset from the pavement edge. The test pit was excavated using contractors, 
with a 20 tonne excavator.  All proper safety precautions were taken to ensure 
operations within the test pit met all state Workplace Health and Safety (WHS) 
requirements.  
 
A semi trailer float was used to move the excavator to site, from Cecil Plains. 
Due to severe wet weather, the excavation of the test pit was postponed for 
several weeks. Although an excavator may appear excessive, a backhoe would 
not suffice as it was necessary to excavate the hole to a sufficient width so that 
staff could safely operate within the pit.  
 
Information relating to RoadTek testing can be seen below; 
 
Lab Number: T08/0788 
Chainage: CH. 57.0 km 
Sample Location: 15m right of pavement edge 
Layer Depth: 1.5-2.5m  
Sampled By: K Walters 
Sample Method: AS1141.3.1 CLAUSE 6.9.5 
Date Sampled: 30/07/2008 
Date Tested 01/08/08 
 
Results from the above mentioned tests are summarised in the following tables. 
Test methods are from the Main Road Soil Testing Specifications (2002) and are 
listed in brackets adjacent to each test method.   
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Table 4.23-Sample One (Grading Tests)-RoadTek Lab 
Tests Results 
L.L ( Q104A) 93.8 
P.I (Q105) 56.6 
L.S (Q106) 25.0 
P.I.*%<0.425mm 5405 
L.S.*%<0.425mm 2388 
Ratio 0.075/0.425 0.98 
 
Table 4.24-Sample Two (Grading Tests) –RoadTek Lab 
Tests Results 
L.L ( Q104A) 94.4 
P.I (Q105) 63.2 
L.S (Q106) 23.8 
P.I.*%<0.425mm 6149 
L.S.*%<0.425mm 2316 
Ratio 0.075/0.425 0.98 
 
To assess the accuracy of RoadTek Toowoomba‟s soil testing procedures, 
Atterberg limits were also carried out on the subgrade material located at 
chainage 57.811km. The Geotechnical Laboratory in Herston carried out this 
testing and the results can be seen below.  
 
Table 4.25- Atterberg Results -Herston Soil Lab 
Lab 
No 
Sampled 
By 
Samp 
Date, 
Test 
Date 
Chainage  Depth LL % 
(Q104A/D) 
PI % 
(Q105) 
LS% 
GS08
/456 
K Walters 30/07/08 
21/08/08 
CH. 
57.811 
0.5m 93.8 55.8 18.8 
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Discussion 
 
The Liquid Limit and Plasticity Index are used to determine the expansiveness 
of the soil. These determined numbers are applied to the graphing identification 
system used in the Unified Soil Classification System, to classify the soil.  
 
Soils exhibiting a Liquid Limit of approximately 95 and a Plasticity Index of 63 
are extremely expansive and can be classified as (CH) fine grain soils, Inorganic 
clays of high plasticity and fat clays. These types of clays have a liquid limit 
greater then 50 percent, with more then half of material less then 63mm is 
smaller then 0.075mm.  
 
This grading test also indicates the soil has a linear shrinkage value of 25 
percent. This is significantly high as it means the soil is capable of decreases it 
volume by 25 percent during warmer months. This poses a significant threat to 
pavement performance if the moisture in the subgrade is unable to be 
maintained. Any design recommendations should consider this. 
 
Results provided by the Herston Soil laboratory shows in table 4.25 compare 
favourable with the results provided by the RoadTek soil laboratory. This 
validates RoadTek Toowoomba‟s competencies in soil testing and thus 
reinforces confidence in all test methods. The Atterberg testing carried out on 
the soil sample by Herston, was from a depth of 0.5m. The Linear Shrinkage 
data from this test concludes that the shrinkage potential of the soil at this depth 
is 18.8 percent. This is significantly less then the shrinkage potential of 25 
percent taken from a depth of 1.5m. This is because the moisture content of the 
soil at 0.5m was 31 percent which is less then the soil located at 1.5m. Therefore 
the less moisture the soil contains, the less shrink potential the soil has. (Refer to 
Appendix D for Herston Lab Results) 
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Moisture Content (Subgrade) 
 
Moisture contents were taken for a variety of different samples, refer to section 
4.4.2. Moisture contents were also taken from the two soil samples removed 
from the test pit at chainage 57.811km. The moisture contents can be seen in 
table 4.2.5. 
 
Table 4.26- Moisture Content Taken From Test Pit at CH. 57.8km 
Lab 
Number 
Senders 
Number 
Sampled 
By 
Samp 
Date 
Test Date 
Chainage Depth Moisture 
Content 
(%) 
T08/0787 K Walters 30/07/08 
30/07/08 
57.8km 0.5-1.5m 29.8 
T08/0788 K Walters 30/07/08 
30/07/08 
57.8km 1.5-2.5m 34.6 
 
Discussion 
 
The active zone of soil is defined as the depth of soil most exposed to variance 
in climatic conditions. As the climate chainages so does the moisture contents 
contained within the soil most exposed. Thus soils at depths below the active 
zone tend to maintain moisture content with little variance over time. The active 
zone at the TCP Road was found to be approximately 1.5m. This was found 
using the loaded swell test method, and will be discussed further in later 
sections. For this reason it is justified that soils at a greater depth would have a 
higher moisture content, which is represented in table 4.25. The soil located 
within the active zone of 0.5-1.5m would have lower moisture content then that 
of the soil approaching equilibrium moisture content, located at greater depths.   
 
It has been proven through various CBR test methods throughout this 
investigation, that constructing on soils with higher moisture contents decreases 
swell potential. Thus if constructing on soil with a moisture content similar to 
that shown in table 4.25, at depths 0.5-1.5m it is recommended that this soil be 
removed and replaced.  
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Moisture Contents (Granular) 
 
As a comparison to the subgrade moisture contents, moistures were also carried 
out on the granular materials taken as samples from the upper pavement layers 
of the trenching operations. The results from the moisture contents calculated for 
all three trenches is summarised in the following table; 
 
Table 4.27-Moisture Contents taken from trenches at TCP Road 
 
Offset (m) 1.4 2.5 3.1 3.8 5 
Ch 55.7Km  Lhs             
Base 
% 4.1 4.5 4.2 3.7 3.7 
            
Sub Base 
% 2.9 3.5 3.7 3.4 4 
            
Lower Sub Base 
% 13.8 14.6 16 15.9 15.4 
            
Stabilised Subgrade             
Cores 
MPa 
    1.45     
  1.33 0.57 1.05 0.21 1.11 
Ch 55.9Km  Lhs             
Base 
0-50mm% 3.2 4.0 4.1 3.9 na 
50-125mm%           
Sub Base 
% 3.4 3.6 3.9 4.1 na 
            
Lower Sub Base 
% 13.6 12.7 13.3 14.2 na 
            
Stabilised Subgrade             
Cores 
MPa 
0.66 @0.8m         
  1.8  & 1.42 0.94 0.39 na na 
Insitu Subgrade %     48.8     
Ch 58.14Km  Rhs             
Base 
0-50mm% 3.3 3.7 4.1 3.7 na 
50-125mm%           
Sub Base 
% 3.3 3.7 4.2 5.2 na 
            
Lower Sub Base 
% 7.0 7.1 7.5 8.1 na 
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Discussion 
 
From table 4.27 it is apparent that granular materials contain significantly less 
moisture content then that of the subgrade. It is also apparent from the table that 
the moisture content contained in the 3.8 and 5 metre offset from the centreline 
are higher then the moisture content of the soil closest to the centre line. This 
indicates that moisture entry through the pavement shoulders is occurring at all 
depths underneath the pavement seal, and not purely the subgrade. The higher 
moisture contents in the subgrade can be directly related to the soils structure 
and positive attraction to water molecules. 
 
A design feature such as vertical moisture barriers would prevent moisture from 
affecting all pavement layers, including base, subbase, lower subbase and 
subgrade.  
 
 
Figure 4.28- Determining moisture contents from trenches on TCP Road  
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Particle Size Distribution 
 
The particle size distribution tests are the tests in which the measurement of soil 
particles passing the 75mm sieve is recorded. Soils with the majority of the soil 
particles being fines and passing the 0.075mm sieve are representative of clays. 
The finer soil particles are generally the more expansive clay. Two particle 
distribution tests were carried out on the samples taken from the test pit, the 
results are shown below.  
 
Table 4.28- Particle Size Distribution of Sample One 
A.S. Sieve Size Percent Passing By Mass (Q103A) 
9.5mm 100 
4.75mm 99 
2.36mm 98 
0.425 97 
0.075mm 95 
 
Table 4.29-Particle Size Distribution of Sample Two 
A.S. Sieve Size Percent Passing By Mass (Q103A) 
9.5mm 100 
4.75mm 99 
2.36mm 97 
0.425 94 
0.075mm 92 
 
Discussion 
 
Table 4.27 and 4.28 indicate that over 90 percent of the particles of both soils 
pass the 0.075mm sieve. This signifies that the soils contain a large amount of 
fines and are majority clay soils. As a result of their large number of fine 
particles, it could be assumed that this soil is expansive clay and requires further 
testing such as hydrometer analysis.  
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Hydrometer Analysis 
 
The Hydrometer Analysis is used to determine the clay fraction of the particles 
less then 0.075mm. It is a more reliable scientific method for determining the 
particle size distribution. The methodology behind this test method is explained 
in chapter 2 „Literature Review and Background‟. The hydrometer analysis was 
carried out in the Main Roads Geotechnical Laboratory in Herston, Brisbane. It 
was carried out in Brisbane as the RoadTek soil laboratory in Toowoomba was 
unsure about test procedures and did not have the required equipment.  
 
The results from the Hydrometer Analysis indicate that over 77.6% of material 
passed the 0.0135mm particle size. This indicates that the soil has a large 
amount of clay fraction, which is typical of significantly expansive soils. The 
soil used in the Hydrometer Analysis was taken out of the test pit at a depth of 
1.5m, where majority of the testing material was sampled from.  
 
The results from the Hydrometer Analysis can be seen below in figure 4.29.   
 
Figure 4.29- Particle Size Distribution of Soil Sample from Test Pit 
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Discussion 
 
The results obtained in figure 4.29 further the analysis carried in the sieve 
analysis method. The sieve analysis method is unable to determine the 
percentage clay and silt fraction from the material passing the 0.075mm sieve. 
Results indicate that the soil sample taken from the test pit at a depth of 
1.5metres contains 68 percent clay, 23 percent silt and 8 percent sand and 
approximately 1 percent gravel fraction.  
 
The results will be recorded and in future when soils are tested that contain 68 
percent clay and similar sand and silt properties, it will be expected that the soil 
exhibits similar swell, shrink and strength characteristics when wetted as the 
material investigated throughout this project. This type of investigation aims to 
save money and time, as reference to a simple chart in future will be largely 
beneficial.  
 
This project aims to be the foundation investigation in which other 
investigations will follow and be conducted similar from various regions around 
Toowoomba. Once a record is obtained of soil characteristics, active zone depth, 
subgrade strength, material grading and swell potential from these locations a 
chart can then be developed displaying these properties. This chart can then be 
referred to in future and the required test results read off without the need of 
performing time consuming tests and operations. However, if it is obvious that 
there are conditions occurring onsite which are irregular, then certain 
circumstantial investigations may need to be carried out.  
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Main Roads Herston Soil Testing Results 
 
Various soil tests were carried out in the Herston Geotechnical Laboratory to 
validate the results obtained in the Toowoomba RoadTek Office. All Results 
obtained from the Herston Soil Lab can be seen in Appendix D. The most 
relevant test carried out by the Herston Soil Lab is the loaded swell test, which is 
discussed in the next section. All other tests were as mentioned, used for 
confirmation purposes.  
 
Apparent Particle Density (APD) (t/m
3
) 
 
The APD is a measurement of the density of the fine fraction of the soil. This 
density is used to calculate the swell pressures required in loaded swell testing. 
The Results are shown in the below table, and can be seen in appendix H.  
 
Table 4.30-APD from Ch. 57.811km on TCP Road 
Sample 
Location     
(Ch. 57.811km) 
Depth 
0.5m 
Depth 
1.0m 
Depth 
1.5m 
Depth 
2.0m 
Depth 
2.5m 
APD Fine 
Fraction (t/m
3
) 
2.755 2.771 2.792 2.754 2.814 
 
Dry Density (DD) (t/m
3
) 
 
The Dry Density results obtained through the loaded swell tests were carried out 
to compare with the Dry Density results obtained from the CBR testing. Results 
are shown below.  
 
Table 4.31- Dry Densities Obtained From Herston Soil Lab 
Depth(m) Dry Density (/m3) 
0.5 1.41 
1.0 1.37 
1.5 1.25 
2.0 1.34 
2.5 1.29 
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Moisture Contents 
 
The moisture contents were carried out on the five (5) different samples from the 
test pit to determine if the moisture contained within the soil changes with depth. 
It is expected that soil located around 1.5 metres will have the highest final 
moisture content as this is the more expansive clay. Clay at depths > 1.5m is 
blue/grey clay which is a stable clay approaching equilibrium. 
 
Table 4.32-Moisture Contents from Loaded Swell Testing 
Depth (m) Moisture Content (%) 
 Initial After Test 
0.5 31.9 39.3 
1.0 35.3 46.2 
1.5 33.6 48.1 
2.0 36.6 37.4 
2.5 37.6 42.7 
 
Discussion 
 
The above assumption was proven correct and that the soils located at 1 to 1.5 
metres are the more expansive soils. This soil has greater potential to absorb 
water and this is reflected in the results in table 4.32.  
 
The depth at 2.5 metres appears reactive also; however this may be a result of 
forced water penetration in the loaded swell testing. It can be seen that the soil at 
a depth of 2.0metres is non reactive and depths below 2.0metres should reflect 
this trend.  
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Loaded Swell Testing 
 
The Loaded Swell Test was carried out as a means of comparison for the 
expansion potential with the CBR soaked swell testing. Both tests provide 
information of the swell potential of the soil. Specimens were taken at several 
depths from the test pit, 0.5, 1.0, 1.5, 2.0 and 2.5m. The swell potential at each 
depth was measured to determine the active zone of the clay. Identifying the 
active zone of the soil provided information relating to the depth at which 
vertical moisture barriers need to be placed in order to be successful.  
 
The loaded swell test can also provide information relating to the level of 
overburden required to suppress the soils expansion and swell. This is calculated 
through converting the swell pressure (kpa) to a height in meters of overburden.  
The following figure shows the graph of Voids Ratio vs. Pressure calculated 
from the loaded swell test at 0.5m. (For graphs at 1.0, 1.5, 2.0 and 2.5m refer to 
App. H)  
 
 
Figure 4.30- Graph of Voids Ratio vs. Pressure at 0.5m depth. 
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A table of the swell pressure results required to return the soil to its original state 
after moisture introduction is summarised below in Table 4.33.  
 
Table 4.33-Loaded Swell Testing Results 
Depth (m) Seating Pressure 
(kPa) 
Free Swell (%) Swell Pressure 
(kPa) 
0.5 5.0 13.4 1000 
1.0 5.0 13.2 580 
1.5 5.0 3.7 170 
2.0 5.0 7.1 750 
2.5 5.0 5.3 440 
*Highlighted in yellow is the outlier, result appears incorrect and non linear 
 
All pressures can be converted to an amount of overburden. The amount of 
overburden placed above expansive soils directly influences the swell potential 
of the soil. Larger levels of overburden create larger downward forces and 
consequently decrease soil expansion.  
 
The following calculations were carried out for all swell pressures and are 
summarised below.  
 
2 000 kg/m3 * 9.81= 19.62kN 
20 kN/m3= 20Kpa (Force Supplied by Soil Self Weight) 
1000kn/m3 /20Kpa = 50 m of overburden to suppress swell  
 
Table 4.34- Level of Overburden Required to Suppress Swell 
Depth (m) Swell Pressure (kPa) Overburden (m) 
0.5 1000 50 
1.0 580 29 
1.5 170 8.5 
2.0 750 37.5 
2.5 440 22 
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   Discussion 
 
The results in Table 4.33 indicate that the soil located in the test pit on the TCP 
Road reduces in expansion with depth. The soil located at depth 1.5 metres is 
believe to be an anomaly and is theoretically should resemble a figure of 10 
percent free swell. The Principal Technologist from the Geotechnical Services 
branch at Herston enforces this and also believes that test provided an incorrect 
reading. There is no obvious reasoning for this result as tests were all carried out 
correctly and consistently. Figure 4.30 indicates the above results, with the 
outlying value corrected to 10.5 percent. 
 
 
Figure 4.31- Loaded Swell Test Results (Swell vs. Depth) 
 
With the outlier corrected this result mimics the expected trend. The swell 
potential of the soil decreases with depth as there is less influence from climatic 
conditions. The active zone of the soil located in the Toowoomba region 
according to Nelson and Miller is 3.0m. The results from the loaded swell 
testing indicate that the more expansive soil is located at a depth of 0 - 1.5m. 
From 1.5 metres to 2.5 metres the soil can be seen to be decreasing. In the below 
figure the estimated swell potential at three (3) metres has been plotted. This 
indicates that Nelson and Miller 1992 are correct in relation to the active zone 
depth located in region 4, the surrounding Toowoomba area (Refer to figure 2.3 
in Chapter 2, Literature Review). 
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Figure 4.32- Loaded Swell Testing Result with Estimated 3.0m Swell 
 
From figure 4.32 it can be seen that the active zone of the soil in the TCP Road 
extends to a depth of approximately 3.0 metres. This result can then be applied 
to construction practices such as vertical moisture barriers. The most common 
mistake in construction of vertical moisture barriers is not placing them to a 
depth which extends beyond the active zone. If vertical moisture barriers were 
placed to a depth of 1.5 metres on the TCP Road the soil from 1.5 to 3.0 metres 
would still expand and the design feature would be ineffective. Placing the 
vertical moisture barrier to a depth of 3.0 metres would ensure that the more 
expansive soil is not exposed to moisture ingress, therefore decreasing the 
potential for soil expansion, improving life expectancy, decreasing pavement 
failures and subsequently decreasing maintenance costs. The initial expenditure 
used for this design method would be largely beneficial to the overall cost.   
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The results obtained relating the Swell Pressure (kPa) required to return the soil 
samples to their original state prior to moisture introduction are erratic and non 
linear. The expected results are that the most pressure required would be needed 
for the soil located at 0.5m and the least pressure required returning the sample 
to its original state being the soil containing least moisture at a depth of 2.5m.  
This assumption was proven correct with the most pressure required at a depth 
of 0.5 m being 1000 kPa and the least pressure required 440 kPa at a depth of 
2.5m, however the samples in between do not follow a linear trend. The results 
highlighted in yellow in table 4.33 are believed incorrect, also samples at 1.0 
and 2.0 metres display irregular results. This could be caused by human error 
and incorrect application of surcharge loadings.  
 
The graph of Swell Pressure vs. Depth can be seen in figure 4.33.  
 
 
Figure 4.33-Swell Pressure vs. Depth 
 
Figure 4.33 displays the results achieved from the loaded swell testing. Results 
show a trend of swell pressure decreasing with depth. This is directly related to 
the decreasing moisture content contained within the soil at depth increases. The 
less moisture contained within the soil, theoretically, the less force required to 
return the soil to its original volume, size and state. Although sample at depth 
1.5m contains a significant variation from the mean trend, it is apparent that the 
trend still exists and this sample can be viewed as an outlier.   
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Loaded Swell Test vs. CBR Test Method 
 
The swell results obtained in the Loaded Swell Test, shown in table 4.33 differ 
from that obtained in the CBR test. CBR testing was conducted with the soil 
sampled from the test pit at a depth of 1.5 metres. The swell obtained from the 
CBR test on average was approximately sixteen (16) percent maximum. The 
result obtained in the loaded swell test at a depth of 1.5 metres was 3.7 percent. 
This does not compare favourably with the CBR test results; however it is 
believed that the results ascertained from the 1.5m sample are incorrect and 
should resemble approximately ten (10) percent. A ten (10) percent result is less 
than sixteen (16) percent which is to be expected as the soil in the loaded swell 
testing is unconsolidated. 
 
Test results in the varied compaction CBR tests indicate the compaction of 
expansive clay removes the air voids from the soil samples, which subsequently 
results in increased soil expansion. The Loaded Swell Test (LST) is carried out 
on soil which is unconsolidated and in its preserved natural state. Therefore, it is 
apparent that the loaded swell test is a more accurate representation of the swell 
potential of expansive soil in its natural state. The CBR test however mimics the 
results of a compacted expansive soil on a construction site.  
 
In conclusion subgrade strength of uncompacted and compacted expansive soils 
varies minimally and indicates results of naught (0) to two (2) MPa. Compacting 
expansive soil has little effect on subgrade strength and has a negative effect on 
soil expansion. The Loaded Swell Test indicates that expansive soil undisturbed 
in its natural state at peak expansion potential at a depth of 0.5 metres is 
approximately 13 percent. Therefore this investigation recommends reducing 
compaction of the subgrade during construction procedures, preferably to one 
proof roll to smooth the surface before laying the granular pavement. If this 
construction procedure is followed then the loaded swell test is recommended 
before the CBR test. The Loaded Swell Test provides a improved representation 
of the behaviour of expansive clays in their natural state, provided results are 
consistent and test procedures are carried out correctly with due care.   
   
 
201 
4.5.4 Determine Probable Causes of Failure (s) 
 
All investigations have concluded various key aspects which have contributed to 
the failures experience by the TCP Road. These failures and their expected 
parent causes are summarised under the following sub headings.  
 
Lack of Design Influence 
 
The four (4) day soaked CBR test has been concluded to be an inaccurate 
estimate of the potential soil expansion, and thus can be expected to have 
initially provided an inaccurate estimate of the soil expansion reached by the 
TCP Road. This subsequently underestimation of the characteristic properties of 
the expansive soil has resulted in the pavement design being inefficient and 
unsuccessful. A correct estimation of the swell potential, such as that provided 
by the 10 day soaked CBR test would have ensured the pavement be designed t a 
standard capable of withstanding the excessive shrink and swell experienced by 
the subgrade.  
 
Design features such as lime stabilisation and impermeable geo-membranes, 
although successful in combination are insufficient if applied singly without 
combination.  The recommendations for design practices will be made in the 
following section, section 4.6.  
 
Weak Pavement Strength 
 
Weak pavement strength is responsible for failures such as rutting, shoving, 
flushing and roughness. All these failures are evident on the TCP Road. 
Compressive Cylinder, CBR and DCP testing all provide evidence that the 
pavement subgrade strength is extremely poor, with areas experiencing strengths 
of 0.3 MPa. This lack of pavement strength is directly responsible for majority 
of failures on the TCP Road, and subsequent the decreased pavement life 
expectancy. Increasing pavement strength through means such as lime 
stabilisation would ensure this pavement strength is maintained and extreme 
failures such as that mentioned, avoided. Although total avoidance is not 100 
percent, a significant reduction in failures can be obtained.  
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Severe Shrinkage and Swell Potential 
 
Severe shrink and swell results in failures such as surface cracking and crossfall 
changes. Linear Shrinkage and Swell Testing was carried out on various soil 
samples from the TCP Road and results indicated a 25 percent shrink potential 
and a 20 percent swell potential of the soil. Therefore the cracking and crossfall 
failures experienced by the TCP Road can be directly related to the severe 
moisture ingress and subsequent volume changes experienced by the pavement 
subgrade.  
 
Lack of surface overburden and other design features on the TCP Road resulted 
in the peak expansion and shrinkage potential being reached. Implementation of 
the pavement rehabilitation assumes that the maximum soil expansion is 
currently being experienced, and any changes which occur from now on will be 
shrinkage changes which have less effect on the pavement integrity then 
expansion.  
 
Over Compaction  
 
Varied compaction CBR Tests and the identified relationship between Dry 
Density and soil expansion potential has resulted in findings which indicate over 
compacting soil increases swell potential. As mentioned in previous sections it is 
assumed that over compacting soil removes all air voids from the material, 
therefore when moisture is introduced the pavement immediately increases in 
surface area. When a decreased level of compaction is achieved air voids are 
maintained and introduced moisture causes volume changes into the air void, 
before increasing surface areas. Recommendations are to leave the subgrade in 
its natural undisturbed state wherever possible and avoid severe compaction. 
The TCP Road was compacted to 100 percent which is believed to have 
influenced the level of expansion experienced by the pavement subgrade.  
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High level of Moisture Ingress 
 
Moisture Content testing at various distances across the lane width indicate 
higher levels of moisture content near the pavement shoulders, then the 
pavement centreline. This implies that moisture ingress is occurring along the 
pavement edge which is causing the increase in crossfalls. Crossfall changes 
experienced by the TCP Road are seen to be from -3.5 percent to + 2 percent in 
cases. This is a 3.5 percent crossfall change and is resulting in public safety 
concerns in the form of vehicles aquaplaning and consequent loss of control.  
 
Profile Surveys in the form of stringline (Destructive) and level (Non- 
Destructive) methods display the pavement crossfall changes. Design features 
such as vertical impermeable barriers placed a depth which exceeds the soil 
active zone would ensure this form of failures is minimised, if not totally 
eliminated.  
 
Moisture Levels of the Pavement Subgrade 
 
Construction personnel for many years have been of the opinion that severely 
drying expansive soils and removing all evidence of moisture decreases the 
potential for soil expansion. Application of moisture during construction would 
have increased the moisture content of the soil and decreased the soils potential 
to swell over time. Subsequent drying practices reciprocally influenced the 
behaviour of the soil and as a result caused severe expansion within 12 months 
of construction.  
 
The aim of construction is to ensure a uniform hydraulic grade line (HGL) 
between the subgrade underneath the road pavement and the subgrade in the 
table drain. Similar moisture contents between soils will ensure there is not a 
high level of moisture transaction. Shrinkage of expansive clays has less impact 
on the structural performance of the roadway then expansion. Testing the soil 
within two (2) metres of the pavement edge, as well as the pavement subgrade 
will enable the difference to be identified. After identification of the difference, 
the subgrade can be wetted by means of a water truck to a level which increases 
the moisture content to an equal hydraulic grade line and EMC will be achieved.  
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4.5.5 Conclusion (s) 
 
Results and Discussions are concluded throughout each section and thoroughly 
explain all assumptions, findings and recommendations. All results indicate the 
assumptions initially made and verify the expected reasoning behind the 
behaviour of expansive soils as a road pavement. Probable causes of failure (s) 
were discussed in section 4.5.4 and are enforced by all results found throughout 
this chapter.  
 
Results ascertained provide pathways to construction practices which best 
minimise the effects of expansive soils. This leads into section 4.6 where 
vertical moisture barriers are discussed with key priority, as well as application 
of moisture before construction and compaction practices to reduce expansion.  
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4.6 Construction Guidelines for Expansive Subgrades 
 
4.6.1 Introduction 
 
The aim of this investigation is to research, analyse and recommend various 
construction practices which could be used by the Department of Main Roads 
Toowoomba to minimise the effects of moisture in expansive subgrades. 
Various literature and personnel, Departmentally, Nationally and internationally, 
were consulted to appraise these recommendations.  
 
The recommendations made thorough this section are also influenced by the 
results obtained in the forensic investigations. The loaded swell testing and CBR 
swell testing directly influenced the recommendations of the construction 
practices described below.  
 
4.6.2 Results and Recommendations 
 
Moisture Control (Vertical Moisture Barriers) 
 
Several papers have been written reviewing the use of vertical moisture barriers 
and current construction methods used in the USA in highway construction. 
Papers written by R.P.Evans, VicRoads, J.C Holden and others all detail the 
procedures required to successfully implement this practice. 
 
Successful field trials have been carried out in Dooen, North- Western Victoria 
using these methods of construction and have since been used in other areas of 
Victoria, South Australia and overseas.  
 
From the investigation carried out on the TCP Road it was evident that excessive 
swellings caused severe cracking, rutting and roughness failures. Moisture 
barriers have been used successfully in the USA to control cracking, rutting and 
roughness failures. The construction of vertical moisture barriers in the 
Toowoomba District has been avoided due to lack of knowledge in procedure 
and application. A brief summary of procedures is provided below for the 
purpose of encouraging this construction practice. 
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Seasonal variation and subsequent moisture variance caused by climatic 
influence on the active zone of the soil, results in severe shrinking and 
expansion throughout the year. Vertical moisture barriers can control the 
seasonal movements by controlling lateral moisture changes beneath the 
pavement. 
 
Vertical Moisture barriers are often unsuccessful if placed to a depth which does 
not extend beyond the active zone. Field trials carried out in Texas indicate that 
moisture barriers placed at greater depths outperform shallow depths. Costs 
associated with vertical moisture barriers can often be high; however 
maintenance costs over time will almost definitely exceed the initial costs. If 
funding is an issue then the most economical depth is one which limits seasonal 
moisture changes so that crossfall changes and roughness are kept to an 
acceptable limit. Results from the Loaded Swell Test indicate that the active 
zone of the soil within the Toowoomba District is approximately 3.0 metres; 
however an adopted depth of 2.4 metres will dramatically decrease the extent of 
failures and decrease costs. The Texas Department of Transport has adopted a 
depth of 2.4 metres with succession.  
 
Other field trials including that conducted on the Sunraysia Highway at Morton 
Plains in Victoria have shown promising results. Moisture underneath the 
pavement has successfully been boxed in and retained. This significantly 
decreased surface cracking, pavement depressions and moisture ingress through 
the pavement shoulders.  
 
Selection of Backfill Material 
 
The selection criteria for a material which must easily be placed in the trench of 
narrow width consists of, ease of application, low permeability and self 
compaction. Soil Scientists from the ASSSI have made recommendations such 
as sand. A slurry material consisting of sand, which has high strength and low 
permeability, is adequate. This material must have no compaction requirements 
and an easy flow nature to ensure consistency within the trench. A cement sand 
combination material with fine to medium size particles and high water content 
would optimise outcomes.  
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Trenching Machine 
 
Standard trenching machines can operate to a depth of approximately 2.0 metres 
with a width of 200 – 300mm. A slimline trench boom or low headroom cutter 
such as the one used to excavate the tunnel walls in the Tugun Bypass can cut to 
significant depths with a width of around 80mm.  
 
 
Figure 4.34-Low Headroom Cutter Used on Tugun Bypass Tunnel 
 
Membrane 
 
A membrane with dual layer thickness consisting of low-density polythene 
sheeting would suffice. Many companies make similar products such as 
Rootgaurd, designed to reduce the effects of tree suction within the road 
vicinity. An impermeable low cost product would achieve the desired results. 
The membrane should be placed on underneath the pavement shoulder, outside 
the pavement edge line. A seal should then be placed over the surface of the 
product so that moisture cannot penetrate vertically.  
 
Backfill 
 
The trench should be overfilled to compensate for shrinkage potential of the 
material when drying. The surface should then be smoothed with a grader to the 
level of the base surface, and then sealed.  
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Application of Moisture 
 
It has been proven through the varied moisture CBR test that the more moisture 
the expansive soil is exposed to before construction, the lesser the expansion that 
occurs post construction. 43 percent moisture content in the four (4) day soaked 
CBR and 43.7 percent moisture content for the ten (10) day soaked CBR test 
caused expansions of approximately six (6) percent. Therefore testing the 
subgrade before construction, and applying the required water through means of 
a water truck to increase the moisture content to these above mentioned 
percentages would decrease expansion potential. If this moisture is then boxed 
in through means of a vertical moisture barrier it would ensure that consistent 
moisture content is maintained overtime hence further increasing the design life 
expectancy of the pavement.  
 
It is expected that if vertical moisture barriers are placed at a depth which 
exceeds the active zone of the soil, then the moisture content within the 
carriageway will be maintained. Application of moisture before construction 
ensures that any ground water table rising does not increase the moisture content 
of the subgrade immediately below the granular pavement/ subbase.  
 
Compactive Effort 
 
Expansive soils are least reactive when undisturbed. Over compacting expansive 
soils largely influence the expansion which occurs when moisture is introduced. 
The least expansion occurred in the Loaded Swell Testing and the CBR testing 
with 97 percent MDD and 120 percent OMC. The CBR test provided expansion 
results of five (5) percent taken from a sample at 1.5m depth and the Loaded 
Swell Test results concluded 13 percent expansion at a depth of 0.5m and 3.7 
percent at 1.5m. 
 
From these results it is apparent that soil with high moisture contents and low 
levels of compaction do not significantly expand when introduced to moisture. 
When constructing this roadway subgrade compaction should consist of one to 
two passes with a twin drum roller to ensure an even surface profile.    
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Lime Stabilisation 
 
Roads which are exposed to significant Heavy Vehicle Loads often require lime 
stabilisation of the pavement subgrade to increase the strength capacity. 
Compaction is required when lime is introduced. Lime decreases the soils 
attraction to water, by altering its charge whilst increasing bonds between soil 
particles. If lime stabilisation is used in conjunction with vertical moisture 
barriers then the compaction of the subgrade is not a significant factor as 
moisture should not reach the compacted soil through the impermeable barrier. 
Recommendations are to apply lime to a depth of 600mm and compact to 97 
percent MDD.  
 
Often problems which lead lime stabilisation being ineffective are the depth at 
which it is placed. The TCP Road in several sections has lime placed to depths 
of 300mm. This is noted to be largely ineffective when the soils active zone is 
3.0 metres. Application of lime to a depth of 600mm assumes that the strength 
will be increased significantly and thus capable of withstanding any tensional 
forces caused by rising ground water tables. Many Pavement Design sources 
recommend this depth as being applicable. Ground water tables are not 
applicable to all design methods as all roads may not traverse a geographical 
area containing water tables.  
 
A cross section which contains no granular material is recommended for a trial 
pavement section. This cross section will contain a 600mm lime stabilised 
subgrade, with an impermeable membrane placed underneath the seal and a 
bitumen foam seal. This cross sections aims to minimise initial construction and 
design costs, whilst creating a pavement which withstands the soil expansion. 
Initial construction savings may provide extra funding for rehabilitation if 
needed.  
 
This method has been trialled in districts such as Metropolitan (Brisbane) and 
South-Western (Roma) with success. Maintenance issues occurring consist of 
longitudinal cracking. Bitumen foam seal and impermeable fabrics are known to 
withstand swell, tensional forces and thus reduce cracking potential.  
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4.6.3 Conclusion (s) 
 
The above mentioned construction practices should be used in combination for 
road construction on expansive soils. Lime stabilisation can be introduced to 
increase subgrade strength if Heavy Vehicle Loading is a concern. Contractors 
should ensure that the job is carried out without significant time delays, as 
leaving a job site unfinished and returning several months later causes lack of 
focus, accuracy, and job quality. Applying a impermeable membrane underneath 
the pavement seal also creates a „boxed in‟ affect and ensures optimum moisture 
infiltration prevention. Construction of road pavements on expansive soils 
requires significant structure, resource and time management in order to 
optimise results.  
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4.7 Rehabilitation of Toowoomba-Cecil Plains Road 
 
4.7.1 Introduction 
 
Increasing maintenance costs can be symptomatic of a reduction of performance 
of a pavement.  Constraints under the current funding with the Federal 
Government limit the expenditure to mostly emergency and safety works.  
Limited funding leads to a necessary under-expenditure on asset preservation 
type works, which leads to an under assessment of the performance of 
pavements. 
 
The results in this section are ongoing and will be discussed additionally in 
“Further Work”. To assess the results of the rehabilitation of the Toowoomba-
Cecil Plains road it is necessary to establish criteria which define the 
performance of the roadway. This can be achieved through the use of a defined 
Performance Based Assessment Sheet (PBA). After completing the investigation 
of the roadway it has become apparent that the main serviceability criteria which 
should be assessed in relation to performance is, the road surface profile, rutting 
and roughness, extent of surface cracking, potholing and shoving.  
 
 
Figure 4.35- Patchwork Completed on the TCP Road during Rehabilitation 
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4.7.2 Results and Analysis 
 
 A basic visual identification method was used to assess the current standard of 
the Toowoomba-Cecil Plains Road. This was completed through an 
Inspection/Checklist report containing a rating scale which can be seen in Table 
4.35 
 
Data for the last financial year was retrieved from the ARMIS database, which 
holds all data on expenditure on Roads by Main Roads.  Only data relating to 
expenditure on Sealed Surfaces was reviewed for the financial years 2007/2008.  
Financial expenditure information was not available in ARMIS for the TCP 
Road but information was available for the maintenance works carried out. 
 
A Field Condition Assessment of the Pavement was carried out as part of the 
Forensic Investigation into Pavement Failures and this is covered in Section 
4.5.3.  As part of this work all current failures were marked out, assessed for 
priority and recorded.  Requirements for funding the repair of mark-outs form a 
part of the assessment of Maintenance Costs for the TCP Road. 
 
Field Inspections of the performance of the TCP pavement were carried out on 
the Thursday 29
th
 May 2008 and Thursday 2
nd
 October 2008 to assess the extent 
of failures on the TCP Road.   The Main Roads Work Procedure for Marking 
Out was followed and a Spotter was always used to minimise the risks of 
working on the Roadway. 
 
Pavement Failures were identified, marked out, chainage recorded, extent of the 
required repair recorded and failure photographed.  Figure 4.36 shows the only 
typical failure on the TCP Road. This failure is the winging up failure which 
results from severe subgrade expansion. The consequences are changes in 
pavement edge crossfall, which subsequently causes water ponding. Water 
ponding in the wheel path is unacceptable as the significant heavy vehicle traffic 
are seen to force the water into the bitumen seal causing cracking and other 
pavement defects.  
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Figure 4.36- Crossfall changes on the TCP Road 
 
Currently the Toowoomba-Cecil Plains road is performing well and sustaining 
traffic. After several significant rainfall events the pavement has not shown 
evidence of failure or significant subgrade expansion. After completing moisture 
content tests on the soil it became apparent that the clay currently had a high 
level of moisture. Due to this large moisture content it is believed that the 
expansive soil located at the TCP Road is currently at its equilibrium moisture 
content which indicates it will not continue to attract moisture molecules. 
However, if a significant dry period occurs throughout summer the moisture 
may evaporate.  
 
This road should be continually monitored in future to ensure that public safety 
is maintained. If further deterioration begins to occur a more detailed 
investigation should be carried out.  
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Table 4.35- Inspection Checklist Report conducted on TCP Road 
 
4.7.3 Conclusion(s) 
 
The TCP Road after rehabilitation is currently in a condition which is both safe 
to the public, and providing a ride quality which is of a high standard. 
Maintenance costs were upwards of $65, 000 but were necessary in ensuring that 
public safety was achieved at a high level.  
 
Construction was completed in July 2008 and reassessed in October 2008. In 
this 3 month period the roadway has shown no severe susceptibility to pavement 
failure, and is expected to maintain this high level of performance into the 
future.  
 
TCP Pavement is assumed to be at maximum expansion currently and any 
change from now on will be shrinkage changes, which has less effect on 
pavement integrity then soil expansion. Continual monitoring through PBA‟s 
similar to that shown in table 4.35 will ensure the pavement condition does not 
reach a point in which road user safety is a concern.  
INSPECTION /CHECKLIST REPORT 
    RATING 1. Good 2. Needs Upgrading 3. Requires Immediate Action 
    
Pavement Location and Chainage: TCP: 50.00-60.0   Overall Condition: 1 
    
ROAD Maintenance Rating Comment 
    Condition of road surface 1  
Mild deviation in road surface, nothing severe 
Extent of Rutting 1 No ruts apparent 
 
Extent of Roughness 1 Mild hog in the road 
 
Extent of crossfall changes 1  
Drainage appears ok 
extent of shoving 1 - 
 
extent of surface cracking 1  
Mild cracking along pavement edge 
extent of flushing/bleeding 1 - 
 
Overall Road Surface Condition 1  
Overall appears in good condition 
   
 
215 
5 Conclusions 
5.1 Summary of Investigation Method 
 
In the investigation methodology developed in this project contained the 
following steps; 
 
 Plan the investigation.  
 Review documents and literature both in Australia and Overseas. 
 Interview Personnel from Main Roads and other road authorities.  
 Conduct a forensic investigation of the soil testing procedures used by 
Main Roads. 
 Conduct a forensic investigation of pavement failures on expansive 
subgrades, i.e. Toowoomba-Cecil Plains (TCP) Road. 
 Research and discuss construction practices/guidelines used for road 
construction on expansive subgrades.  
 Use current rehabilitation practices to correct a road exhibiting severe 
failures.  
 Report on Outcome of Investigations. 
 
With a broad focus on collating, analysing and reviewing information from 
many sources and technologies, this methodology facilitates increased 
understanding of the performance of pavements constructed on expansive clays. 
Increased understanding of pavement performance and subsequent increased 
ability in determining pavement success or failure increases the learning‟s 
potential from the investigation. Increased understanding of test methods and 
subsequent increased ability in determining subgrade success or failure also 
increase the learning potentials from this investigation. The methodology 
developed in this project differs significantly from the majority of work carried 
out into Soil Testing Methods, which tended to focus on generalised test 
methods rather then the methods experimented in this investigation. 
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Plan the Investigation  
 
The first step in planning the investigation is conducting a general review of the 
problem. The possible scope of the investigation depends on the desired 
outcomes, and the strategic interest of the sponsoring organisation. Before 
determining the procedures to be used to achieve the outcomes it was first 
important to decide on the limitation of the investigation. By limiting the 
investigations to the Toowoomba district and in particular, a specific section of 
roadway, it allowed for greater emphasis on direction, focus, and allocation of 
resources. An investigation plan should be drafted, addressing goals, funding 
restraints, operations planning and investigation synthesis. The investigation 
team should also be recruited and decided upon during this process. 
 
Review Documents and Literature  
 
Reviewing documents and literature involves the inspection of plans, pavement 
history, pavement materials information and specifications, rehabilitation 
manuals and specifications, previous similar materials test results, construction 
records and practices, testing methods and frequencies and all other relevant 
information such as publications and articles from bother international and 
national sources. 
 
Interview Personnel 
 
Formal and informal meetings with road agency staff at both Main Roads and 
other interstate agencies such as Austroads, allows for experience to be 
transferred. Information sharing is important as you can gather insight into other 
professional‟s opinions.  People in positions such as Inspectors, Road Designers, 
Site Foreman‟s, and Engineers relevant to road authorities, are all interviewed 
and provide useful information. 
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Investigation of Soil Testing Procedures Used for Expansive Subgrades 
 
The investigation of soil testing practices includes a review of the California 
Bearing Ratio 4 day soaked test, as used as a method of swell prediction. This 
test method is altered with the intention of achieving variable results and 
highlighting the inaccuracy of the 4 day test, whilst investigating the accuracy of 
the test method in general.  
 
The following tests were conducted; 
 
1. 4 day soaked CBR test 
2. 10 day soaked CBR test 
3. 6 point soaked CBRs with varying moisture contents             
( 3 on the dry side of OMC and 3 on the wet side) 
4. 10 day soaked CBR with varying levels of compactive effort 
5. 10 day soaked CBR with varying surcharge loadings 
6. 10 day soaked CBR with 1/3 depth of mould 
 
Standard four day and ten day soaked CBR tests were conducted for the purpose 
of comparison. It was hypothesised that the 10 day soaked CBR, which is not 
normally carried out, would provide a swell measurement significantly greater 
then that of the four day soaked CBR.  
 
Varying moisture content CBR tests are carried out to determine if moisture 
levels in the soil before construction have an effect on the expansive reaction of 
the clay soil.  
 
Varying levels compactive effort is carried out investigate the effects of 
construction practices on the expansive behaviour of the soil. It is hypothesised 
the over compaction has an adverse effect and causes swell potential to increase.  
 
Differential surcharge loadings are applied to determine whether provide 
significant levels of overburden to the soil will suppress swell. This is conducted 
to simulate the varying forces applied by differing tonnage of overburden.   
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A CBR test was also carried out with the mould capacity reduced to one third 
the original size. This aims to force maximum moisture penetration into the 
mould and determine if the standard CBR mould receives soaking through its 
entire depth.  
 
Forensic Investigation of Pavement Failures on Expansive Subgrades 
 
The outline of the method is; 
 
Non Destructive Testing 
 
 Visual Examinations 
 Pavement Surface Profiling (level) 
 Rutting 
 Roughness 
 Other attributes: Cracking, crossfall changes etc. 
 Maintenance Costs 
 Traffic Loading 
 
Destructive Testing 
 
 Linear shrinkage and plasticity index 
 Liquid Limit and Plastic Limit 
 Hydrometer Analysis 
 Atterberg Limits 
 Trenching and Coring 
 Compressive Cylinder Testing 
 Subgrade Profile Survey (stringline)  
 Dynamic Cone Penetration (DCP) 
 California Bearing Ratio (CBR) 
 Particle Size Distribution 
 Moisture Content 
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The method outlined above is based on the key elements in any forensic 
engineering investigation.  Also displayed by the Forensic Investigation method 
developed by Smith (2004), this modified approach integrates a number of 
technologies to carry out the Non-Destructive Condition Survey.  Specific 
technologies may not be required depending on the investigation to be carried 
out. Intentions should be to minimise costs by increasing non destructive test 
methods and decreasing destructive testing.  
 
Report and Discuss Construction Practices 
 
Construction of roadways on expansive soils in the Toowoomba region has been 
unsuccessful. Many roadways show signs of serious distress well before their 
design life. This methodology aims to investigate various construction practices 
used by other Main Roads Districts, National and International Road 
Authorities, and make recommendations. This section is considered to be the 
foundational research for future projects and investigations.  
 
Rehabilitation of a Roadway 
 
This section seeks to apply the research material discovered in construction 
practices and apply these methodologies to a real life situation. The TCP Road 
showed significant pavement distress early in its life. Rehabilitation of a 
roadway showing severe distress constructed on expansive subgrades is the 
target focus for this investigation and is why the TCP Road was chosen. 
Monitoring the progress of this rehabilitation will allow future examinations of 
the succession of the practices used.  
 
Report on Outcomes 
 
A report on the outcome of the expansive soil investigations should be produced, 
as this enables others to learn from the problems and issues faced, and should 
help reduce the chances of similar issues in the future. Information that should 
be included is a general review of the project and location, failure details, a 
description of any testing carried out, what the probable cause(s) of failure were, 
how it could be prevented in the future, and possible rehabilitation options.  
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5.2 Project Conclusions 
 
The primary focus of this research involved conducting a forensic investigation 
of pavement failures and how they relate to expansive soils, a forensic 
investigation of soil testing practices carried out on expansive soils and a in 
depth investigation of expansive soil characteristics. These results and 
conclusions were then amalgamated to rehabilitate a failing roadway and create 
construction guidelines for road pavements on expansive soils, which would best 
minimise the influence of moisture ingress and soil volume changes. To carry 
out these tasks it was necessary to have a target scope which could maintain 
consistency across all areas of research. The target scope of this project was 
chosen to involve a section of roadway between chainages 50 to 60 kilometers 
on the route Toowoomba to Cecil Plains.  
 
The construction job number was 67/324/302 and was referred to as the „Norwin 
Job‟ as it was located near the Norwin Wheat Silos. All soil tests, Destructive 
and Non Destructive, pavement rehabilitation, and research relating to design 
and construction practices, focused on the Toowoomba to Cecil Plains Road.  
 
The forensic investigation of soil testing practices concluded that the four day 
soaked CBR test as a means of measuring swell potential of expansive clays is 
inaccurate and resulting in underestimation. The ten day soaked CBR test 
methods provides greater accuracy in measuring swell potential. Results show 
that there is a 30 percent difference between results obtained in the four day test 
and results obtained in the four day test. If time, funding and resource restraint 
prevent the use of the ten day test, then a multiplication factor of 2.25 can be 
applied to the four day results. This outcome achieved is then comparable with 
the results obtained from the ten day test.  
 
A relationship between expansive soils and pavement failure was uncovered 
using an amalgamation of concepts, methodologies and forensic investigations. 
Results obtained conclude that poor subgrade strength, high levels of shrinkage 
and swell, significant clay fraction and high levels of moisture in the pavement 
shoulder all directly and indirectly contributed to the pavement failures. Failures 
such as rutting, shoving, roughness, surface cracking & crossfall changes are all 
related to the test results obtained.  
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Soil characteristics were determined using a variety of soil tests including 
Atterberg grading, Moisture Content, CBR Strength, Loaded Swell Testing and 
Particle Analysis. Results concluded that the soil located at the Toowoomba to 
Cecil-Plains site contained significantly high clay fraction (68%), high moisture 
content (>30%), low pavement strength (0.3-1.0 MPa), high shrink and swell 
potential (25%, 20%) and a three (3) meter active zone depth. Nelson and Miller 
1992 state that Toowoomba is located within a climate zone of region 4, which 
has an active depth of 3.0 metres. This was verified by carrying out moisture 
content tests at depths of 0.5, 1.0, 1.5, 2.0 and 2.5 metres within a test pit. 
Analysis of graphs provided by loaded swell testing proved difficult to draw 
definitive conclusions. Several plots of Voids Ratio Vs Pressure were attained. 
Swell pressure was converted to an amount of overburden (50m), however this 
amount appeared unrealistic.  
 
Investigations involving construction practices and how they influence the 
expansion potential of reactive soils were carried out. Various field procedures 
were simulated through application of variables to the standard ten day soaked 
CBR test. A spread of moisture contents above and below Optimum Moisture 
was applied to several moulds. Results indicate the higher the moisture content 
of the subgrade prior to construction, the less expansion achieved after moisture 
penetration. Several levels of compactive effort were simulated using different 
CBR blow patterns. 97 percent MDD, 100 percent MDD and 103 percent MDD 
were simulated to test their influence on soil expansion. It was concluded that 
the lower levels of compaction subsequently decrease soil swell. Several 
surcharge loadings were applied to CBR moulds throughout testing to simulate 
levels of overburden. It was found that the larger the load placed above the 
expansive soil, the more downward force applied and subsequent decrease is soil 
expansion. This relationship is almost linear and therefore an acceptable level of 
swell can be negotiated if needed.  
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All results and outcomes were amalgamated to recommend construction 
practices which would best minimise the effects of expansive soils and moisture 
infiltration. It was concluded that prevention of moisture penetration using 
vertical moisture barriers would optimise outcomes. Vertical moisture 
application prevents all moisture penetration and maintains constant subgrade 
moisture, provided barriers are placed to a correct depth. A depth of three meters 
is optimum, however a cost efficient depth of 2.4 metres is recommended. This 
depth extends beyond significant influence of the climate to a depth greater then 
that of the active zone.  
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5.3 Achievement of Project Objectives 
 
The following concludes the achievements of all initial anticipated project 
objectives. These objectives are taken from the Project Specification and 
detailed below.  
 
1. Undertake a literature review of existing information relating to the 
effects of moisture in pavements, and the problems associated with 
pavements on expansive clay sub-grades. The literature review should 
also consider measures used to counteract adverse pavement moisture 
conditions (including the use of stabilisation) and the influence of 
pavement cross section on pavement performance. 
 
Relevant literature can be reviewed in Chapter Two “Literature Review and 
Background”. This literature review meets all initial criteria and details all of the 
above mentioned information. Detailed information was provided relating to the 
effects of moisture in pavements, problems associated with pavement failure, 
soil testing procedures, construction practices used to counteract adverse 
pavement moisture conditions and the influence of pavement cross section on 
pavement performance. This information came from a variety of sources, both in 
Australia and overseas, and formed an integral part of the investigation method 
that was later developed. This is briefly summarised in the following paragraphs.  
 
The most relevant literature relating to the effects of moisture in pavements 
came from a variety of national and international sources. Main Roads provided 
extensive information into the pavement defects which occurred as a result of 
expansive subgrades. Failures such as rutting, roughness, potholing, shoving, 
crossfall changes and surface cracking occurred on the TCP Road and were 
discussed extensively throughout this dissertation.  
 
Literature relating to soil testing procedures was sourced from a variety of 
national, international and departmental documents also. Main Roads Materials 
Testing Manual 2002, provided knowledge on testing procedures, and various 
other sources provided information relating to the types of tests which were 
conducted.  
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Literature relevant to the construction practices used to counteract moisture 
ingress was sourced mainly nationally, however overseas literature was also 
viewed. Documents from State and Australian Road Authorities provided 
significant information relating to this area. Companies such as Austroads, 
ARRB, Main Roads, Texas Transport Institute and the Road Transport 
Authority NSW all provided useful information towards this area. Particular 
attention was paid to literature relating to lime stabilisation and vertical moisture 
barriers.  
 
This phase of the investigation showed that expansive soils cause issues 
worldwide, which cost billions of dollars in construction, soil testing and 
rehabilitation annually. There has been some success in vertical moisture barrier 
application in Dooen, Victoria. Main Roads Toowoomba has experimented 
briefly with this procedure with little succession. However this is believed to be 
due to a lack of technical knowledge relating to its application, and the relevance 
of the soils active zone.  
 
2. Identify a recently constructed project on expansive sub-grades within 
Toowoomba District, Queensland Department of Main Roads which 
could be used in this investigation. 
 
The Toowoomba-Cecil Plains Road between chainages 50.0 to 60.0 kilometres 
was chosen as the target section for this investigation. This section of roadway 
was selected because of its relevance to expansive soils, its poor design 
methodology and it‟s severe level of structural failure occurring. This roadway, 
at the time of project inception, was the responsibility of this dissertations 
project supervisor through Main Roads, which allowed for close supervision of 
progression.  
 
The 67/324/302, TCP Road selection criteria also acknowledged that the road 
had maintenance funding in the 2007/2008 financial year which could be used 
for all intensive investigation purposes.  
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3. Carry out performance based assessment (Roughness, Rutting and 
Maintenance Costs) of the selected pavement. 
 
The performance based assessment (PBA) was carried out on the TCP Road. 
This was not a key part of this investigation as it was apparent through visual 
examination that the roadway was displaying severe structural failure and not 
fulfilling its requirements as a safe and structurally adequate roadway.  
 
Rutting, Roughness and Maintenance costs were all discussed in section 4.5.31 
of chapter 4 under Non-Destructive Condition Survey. It can be seen that the 
rutting and roughness defects were continually increasing annually which 
resulted in pavement rehabilitation in June/July 2008. Rut defect levels were 
seen to have exceeded Main Roads specifications on rutting tolerances which 
resulted in a mill and fill rehabilitation approach costing in excess of $62 500.  
 
Overall this objective was successfully achieved and provided foundation data 
used to determine the initial level of structural failure of the roadway, leading to 
destructive materials testing.  
 
4. Investigate the characteristics of expansive clays which cause road 
failure, through a range of soils tests such as loaded swell testing, 
shrinkage and CBR tests.  
 
Extensive testing was carried out to determine the expansive properties of the 
soil located at the Toowoomba-Cecil Plains site. A test pit was excavated on the 
30
th
 of July 2008 in which majority of the soil samples were taken. Soil was 
initially taken for the three (3) trench locations however this was not enough 
material, and was believed to be mildly contaminated by lime. Over 140 
kilograms of the more active expansive soil, believed to be at a depth of 1.5 
metres, was collected and placed in waterproof sealed containers to retain 
moisture throughout the various tests.  
 
Tests such as Atterberg, Moisture Contents, Loaded Swell Testing, Hydrometer, 
Compressive Cylinder and Dynamic Cone Penetration (DCP) were all carried 
out to determine the characteristics of the soil.  
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All results indicate that the soil has severe expansion and shrinkage potential 
when wetted and dry. As seen in Chapter 4, Results an Analysis, loaded swell 
tests indicate that expansive potential decreases with depth of material. This is a 
true depiction of figure 2.2, Nelson and Millers theory of an active zone of 
expansive soil. Soil expansion potential is approximately 13.0 percent and 
gradually decreases to 5.0 percent as climatic conditions ceases to affect the soil 
state. This was enforced by the 10 day soaked CBR tests indicate potential swell 
of up to 17 percent.  
 
Loaded swell testing also indicates the amount of pressure applied to the soil to 
discontinue swell and return in to its original state. This pressure (Kpa) can be 
related to a level of overburden in meters and can be seen in the Result and 
Analysis section as being extremely high, 50m for the most expansive soil 
sample.  
 
Initial Moisture Content (IMC) Testing indicates that the soil has a high 
moisture content of approximate 35 percent. This is a high level of moisture 
content considering the soil samples were taken from a depth of 1.5 meters. This 
indicates that with high initial moisture content a swell of 17 percent can be 
reached, which further emphasis the potential movement of expansive soil 
during the dryer winter months.  
 
Subgrade strength is very poor with severe compressive strength test and CBR 
puncture test indicating strength of less then one (1) MPa.  
 
Hydrometer testing indicates that the soil characteristic properties contain 
mainly clay particles. The soil is seen to contain 68 percent clay, 23 percent silt 
and 9 percent sand. This explains the extreme levels of expansion. 
 
Atterberg testing indicates a liquid limit of 93.8 and a plasticity index of 56.6. 
This type of soil is then determined from the Unified Soil Classification System 
as being inorganic clay of high plasticity, fat clay.  
 
Linear shrinkage testing carried out showed significant shrinkage potential of 
levels around 25 and 23.8 percent shrinkage, which is extremely high.  
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Overall this objective was completed as it can be seen from the above 
information that the soil taken from the test pit on the 30
th
 July 2008 located at 
chainage 57.0 km at a depth of 1.5 to 2.5 metres has an extremely high 
propensity to soil volume changes.  
 
5. Investigate the adequacy of Main Roads current soil testing practices 
for expansive subgrades and make recommendations on how these 
could be improved.  
 
It was proven that the four (4) day soaked CBR test is inadequate as a form of 
swell prediction for expansive subgrades. When compared with the 10 day 
soaked CBR test there was an approximate difference of 25 percent. The four (4) 
day soaked CBR tests provided a maximum swell measurement of 12.5 percent 
whereas the ten (10) day test provided a maximum swell measurement of 16.1 
percent. This clearly indicates that the four day test should be multiplied by a 
comparison factor if it is to be used as a predictive tool for swell measurement.  
 
Manual handling errors can be also seen as a contributor to the inaccuracy of the 
CBR test method. Two (2) different operators were used to carry out several 
compactive efforts during the CBR test and as a result of this several moulds had 
to be omitted from the experiment. Alternating operators when applying the 
number of blows can change the DD (dry density) of the soil significantly, 
resulting in non linear results. Ensuring the same operator completes all 
compactions or alternatively investing in a machine to compact the soil, thus 
reducing the chances of human error, would ensure all testing is uniform and 
consistent outcomes achieved.   
 
In conclusion this objective was met as Main Roads CBR test method as a 
measure of swell was investigated, with conclusive results and recommendations 
relating to these, made.  
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6. Identify major parameters associated with pavement cross sections 
which influence moisture changes and/ or volume changes in 
Toowoomba District pavements. 
 
This objective was achieved in the literature review investigations along with 
discussions carried out with experienced professionals in the area of road 
construction. Many sources such as Main Roads and other national and 
international documents and literature were investigated. It was concluded that 
pavement failure, poor construction practices, testing procedures and subsequent 
design outcomes all influence moisture changes in pavement cross section.  
 
7. Investigate the effects of these parameters through a combination of 
background reading, examination of existing test data, field 
investigations and testing. 
 
Alterations were carried out on the standard CBR test method to determine if 
several varied design and construction procedures would influence moisture 
changes. The alterations were discussed in previous chapters and included 
applying various surcharge loadings, changing compactive effort and varying 
initial moisture content before construction. 
 
It was found that over compaction during construction causes soil to expand at a 
greater rate when exposed to moisture, applying surcharge loading in the form of 
overburden can suppress expansion and applying moisture pre construction can 
significantly decrease the potential for expansion in the future.  
 
The above mentioned results conclude that altering pavement cross sections can 
influence moisture and/or soil volume pavements and thus meets the 
requirements of this objective.  
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8. Identify likely pavement cross sections to minimise the effects of 
moisture changes and/or soil volume changes. 
 
Loaded swell tests were carried out at half meter intervals from 0.5 to 2.5 meters 
depth. Tests carried out included swell potential at each half meter interval. The 
results from these test methods show that soil expansion begins to decrease after 
1.5 meters depth. This information can be used to relate to the depth of the 
active zone in the Toowoomba District, and subsequently be related to various 
design features which could be implemented to minimise the effects of moisture 
ingress.  
 
Two design features a discussed briefly below; 
 
Vertical moisture barriers to a depth of three (3) meters, with a impermeable 
geo-membrane underneath the pavement seal is an example of one 
recommendation which is to be considered for trial in future pavements in the 
Toowoomba District. This design would theoretically have a „box out‟ affect 
preventing water from penetrating the active zone through the pavement 
shoulders and any surface cracking which may form over time.  
 
Lime stabilisation is considered to be a very effective design strategy used by 
many engineering companies when combating the effects of expansive clays. 
The issue regarding lime stabilisation is applying it to a relevant depth which 
decreases the pavement expansion. Currently Main Roads stabilises the top 
300mm of the pavement base, which is ineffective when dealing with expansive 
soils. This is apparent in the TCP Road as sections constructed using lime 
stabilisation is also showing signs of severe distress and failure.  
 
Constructing a lime stabilised pavement to a depth of 600mm, placing a 
impermeable membrane over the surface and a sprayed foam bitumen seal 
would be cost efficient and believed to be structurally sound. This cross section 
allows for a pavement which has minimal initial costs, allowing for future 
rehabilitation to be planned, and with the available remaining funding, 
constructed. Both of these cross sections are expected to be constructed in 
„future work‟.  
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9. Investigate road maintenance practices and rehabilitate a roadway 
constructed on expansive soils 
 
Road maintenance for roadways constructed on expansive clays exhibiting 
severe failure was investigated. The Main Roads Pavement Design Manual was 
reviewed and various Main Roads staff consulted. The TCP Road was the target 
focus of this investigation.  
 
Road maintenance was carried out by the contractor RoadTek under the 
supervision of the Author and Main Roads supervisor. Rehabilitation was 
carried out in week ending 25th July 2008.  
 
Road Maintenance consisted of patching all potholes, shoves, serious rutting and 
crossfall changes. A milling machine was used to mill the shoulders to 
horizontal and a roller used to reshape the crossfalls. A spray seal was then 
placed, along with 7 mm aggregate. It is assumed that the soil is currently at its 
peak moisture content and will not need rehabilitating for an extended period of 
time.  
 
10.  Present project results in the required oral and written formats 
 
This project was completed under the supervision of Main Roads supervisor, 
David O‟May and USQ supervisor Ron Ayers. This dissertation is written for 
sole submission in the courses of ENG4111 and ENG4112 of the purpose of 
research topic and investigation.  
 
This project was presented at the required oral presentations, both draft and final 
presentation at the project conference in fulfilment of the requirements of 
Professional Practice Two (PP2).  
 
Furthermore, this dissertation is presented orally at the annual meeting of the 
Australian Society of Soil Science Inc. on the 23
rd
 October 2008. This 
dissertation is proud to have been nominated to receive the award for USQ 
Undergraduate Excellence in Soil Science.  
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5.4 Further Work 
 
5.4.1 Introduction 
 
This aimed to undertake a detailed investigation of the test procedures and 
construction practices regularly exhibited in road construction on expansive 
soils. This consisted of an amalgamation of concepts, technologies, techniques 
and methodologies adopted from a number of sources.   
 
With a broad focus on collating, analysing and reviewing information from 
many sources and technologies, this project attempts to gain increased 
understanding of the performance of road pavements constructed on expansive 
soils.  
 
The approach used to undertake this project had a broad focus of uncovering an 
overall knowledge of expansive soils and their behaviour. With particular focus 
on several test methods currently used to determine soil behaviour and altering 
these methods, with the intent to discover new results and critiquing their 
accuracy.  
 
There is potential to expand the knowledge uncovered in this project, and carry 
out more testing and construction investigations then what the scope of this 
project could involve. Time restraints prevented further testing and analysis 
which may have reinforced the outcomes of this investigation.  
 
A brief outline of further work which may be carried out in a lead on 
dissertation/investigation is summarised in the following pages. 
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5.4.2 Soil Testing 
 
Soil Suction Testing 
 
The soil testing completed throughout this project consisted of an alteration to 
test methods which are currently performed. This was carried out to determine 
the accuracy of soil testing methods in the Toowoomba District, as well as 
determine the characteristics of expansive soils in this region.  
 
Tests were determined using prior knowledge of experienced professionals, 
within the restraints of time and money. Further testing could be completed 
using specific test methods such as soil suction. This could further reinforce the 
concepts developed throughout this dissertation as well as uncover a new means 
of testing which the Toowoomba District should adopt.  
 
As an alternative to completing a wide variety of testing, particular focus could 
be adapted to more specific testing, such as soil suction. It is believed that this 
form of testing could be largely beneficial in determining the active zone of 
expansive soils on each site. The current methodology used in the loaded swell 
testing in determining the active zone is based on real time measurements and 
assumes that currently the soil is at its peak moisture condition. This was 
believed to be an accurate assumption as the test was carried out after a peak 
period of wet weather.  
 
For true assessment of active depth, suction/moisture change must be assessed 
over time. For an accurate estimate of active depth, suction testing should be 
performed at climatic extremes, that is, during a dry period and during a wet 
period. This shows the greatest range of suction change, and the greatest depth 
affected by climatic factors. An example of the outcomes from this investigation 
can be seen in Figure 5.1- Moisture Content Vs Depth.  
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The example below is from Nelson and Miller (1992), and shows an active 
depth of about 5.5m (13 ft). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1- Moisture Content Vs Depth 
 
The above figure illustrates the change in moisture of the soil, with varying 
seasonal changes. This type of test method relates to the science behind the soils 
behaviour rather then construction principles; however its relevance in road 
construction is still evident.   
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Soil Classification 
 
This investigation classified the expansive soil behaviour based on PI and LL 
testing. The results were used to determine the clay properties defined by the 
Unified Soil Classification System. Swell testing using the loaded swell test 
method and soaked CBR test method also detailed a theoretical interpretation of 
the soils natural climatic behaviour.  Other methodology could be used to 
determine this behaviour. The Mckeen Method (1992) uses change in suction, 
and moisture over depth to determine the expansiveness of the soil.  
 
A detailed investigation into the principles behind this method could uncover 
valuable information in relation to road construction. Often soils are classified 
incorrectly as a result of human error, either through testing or incorrect 
interpretation of results. This form of testing may be useful in simplifying the 
number of tests necessary to accurately predict the swell behaviour.  
 
A brief overview of the McKeen Method is summarised below;  
 
1. Determine Moisture Vs Depth 
 
The Moisture/PL vs. depth plot is more accurate, as it shows whether site is in 
swell or not. If insufficient PL data is available, then moisture vs. depth can be 
plotted as below.  
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Figure 5.2- Depth Vs Moisture Content Plot (Herston Soil Lab, Main Roads) 
Figure 5.2- Depth Vs Moisture Content Plot (Herston Soil Lab, Main Roads) is 
used to determine; 
 
 Whether site is in swell or shrink 
 Relative moistures between pavement edge and under pavement 
 Any desiccation effect in the upper layer, with lower moistures 
 Where moistures start to stabilise and become more consistent with 
depth 
 
2. Determine Suction Vs Depth 
 
 
 
 Figure 5.3- Soil Suction Vs Depth Plot (Herston Soil Lab, Main Roads) 
 
 High suction = low moisture content 
 Low suction = high moisture content 
 From McKeen, 1992 
pF 5.5 is air dry/ shrinkage limit 
pF 4.2 – 4.5 is wilting point of vegetation 
pF 3.2 -3.5 is PL of highly plastic clays 
pF 2 is saturation limit of soils 
pF 1 is Liquid Limit 
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Figure 5.3- Soil Suction Vs Depth Plot (Herston Soil Lab, Main Roads) is used 
to determine 
 
 Magnitude of suction change over depth and/or time 
 Depth where suction stabilises – approx 3m 
 Can be used to determine design soil suction change in pF, which is the 
suction change at the midpoint of the layer, used for calculation of ys in 
AS2870.  
 
3. Calculation of Surface Movement (AS2870)  
 
 Work out active depth 
 Determine number of soil layers within active depth and their properties 
 Properties include suction change at midpoint of each layer, and Iss 
 calculate soil movement due to each layer 
 
 u = suction change at surface 
 
 
Iss  
for each layer 
 
H =  
Active depth 
 
 
Ys = (1/100) α Iss u h 
 
Ys = surface movement; Iss = shrink swell test result; U = average soil suction 
change; H = layer thickness 
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 Figure 5.4 – Plot of Surface Movement Vs Active Depth (Main Roads) 
 
4. Classify the Expansive Soil 
 
 Mckeen (1992) 
 Plot suction vs. moisture content 
 Fit a slope for dH/dw (change in suction / moisture) 
 Check against McKeen's classification for slope range for each group 
 
 
Figure 5.5- Expansive Soil Classification Chart (McKeen, 1992) 
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Table 5.1- Expansive Soil Classification Data 
 
Zone Expansive Nature Action Required 
1 Extreme Specialist input with 
detailed investigations 
required 
2 High Very careful assessment 
required to mitigate the 
effects on the project 
3 Moderate Precautions must be 
exercised to avoid 
difficulties 
4 Low None 
5 Non None 
 
 
Determining Acceptable levels of Overburden and Compaction 
 
This information uncovered throughout this project provides a foundation for 
investigation into overburden quantities and compactive efforts which would 
best minimise soil expansion. Results obtained in the surcharge loading CBR 
can be used to determine levels of overburden which can best suppress swell. 
This can then be costs using a cost benefit analysis and acceptable levels of 
swell, and relevant levels of overburden determined.  
 
It has been broadly determined throughout this investigation that over 
compacting expansive soils results in increased swell potential. It is 
recommended that expansive subgrades be left undisturbed during construction. 
Non-compaction of the expansive soil can often result in difficulties when 
placing the granular pavement materials, especially if the pavement subgrade is 
of high moisture contents. Acceptable levels of compaction can be investigated 
such as 50% MDD, 60% MDD, 70 % MDD and 80% MDD. This can then be 
further applied to construction guidelines and recommendations.  
 
In conclusion further testing and investigation into the classification of the 
expansiveness of the soil could be beneficial in future construction operations. 
Although the current investigation provides relevant and similar data to that 
potentially gained from this further work.  A more in depth investigation to that 
outlined above is recommended and may prove beneficial.  
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5.4.3 Construction Guidelines 
 
The scope of this project originally considered developing type cross sections 
which minimised the effects of moisture ingress. Potentially constructing the 
cross sections on a roadway with expansive subgrades and exposed low volume 
traffic is recommended. Construction guidelines could then be developed.  
 
Throughout this project the scope changed, and due to funding restraints in the 
new financial year the roadway which was going to be used as the trial section 
was no longer being rehabilitated this year. Omar‟s road located at chainages     
6-9.0 km‟s was originally the focus of this investigation, however because of 
funding and design issues the project was changed to the Norwin Job (TCP Road 
at 50-60km‟s).  
 
Further work consists of carrying out the investigation into the trial cross 
sections, developing construction guidelines, and implementing a trial of the 
cross section. This dissertation was initially titled “Development of Pavement 
Cross Sections to Minimise the Effects of Expansive Subgrades”. This title could 
be used to develop a similar dissertation to the initial envisaged investigation.  
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Project Aims and Objectives 
 
Project Aim 
 
To investigate the adequacy of the Department of Main Roads Toowoomba‟s 
current construction practices and test procedures related to expansive subgrades 
and road failures. 
 
 Specific Objectives 
 
The specific objectives for this project have been taken from the project 
specification. This section is included to show the path that the project is taking 
with justification and explanations behind the choice of each specific objective. 
 
In the investigation methodology developed in this project contained the 
following steps; 
 
 Plan the investigation.  
 Review documents and literature both in Australia and Overseas. 
 Interview Personnel from Main Roads and other road authorities.  
 Conduct a forensic investigation of the soil testing procedures used by 
Main Roads. 
 Conduct a forensic investigation of pavement failures on expansive 
subgrades, i.e. Toowoomba-Cecil Plains (TCP) Road. 
 Research and discuss construction practices/guidelines used for road 
construction on expansive subgrades.  
 Use current rehabilitation practices to correct a road exhibiting sever 
failures.  
 Report on Outcome of Investigations. 
 
With a broad focus on collating, analysing and reviewing information from 
many sources and technologies, this methodology facilitates increased 
understanding of the performance of pavements constructed on expansive clays. 
Increased understanding of pavement performance and subsequent increased 
ability in determining pavement success or failure increases the learning‟s 
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potential from the investigation. Increased understanding of test methods and 
subsequent increased ability in determining subgrade success or failure also 
increase the learning potentials from this investigation. The methodology 
developed in this project differs significantly from the majority of work carried 
out into Soil Testing Methods, which tended to focus on generalised test 
methods rather then the methods experimented in this investigation. 
 
Plan the Investigation  
 
The first step in planning the investigation is conducting a general review of the 
problem. The possible scope of the investigation depends on the desired 
outcomes, and the strategic interest of the sponsoring organisation. Before 
determining the procedures to be used to achieve the outcomes it was first 
important to decide on the limitation of the investigation. By limiting the 
investigations to the Toowoomba district and in particular, a specific section of 
roadway, it allowed for greater emphasis on direction, focus, and allocation of 
resources. An investigation plan should be drafted, addressing goals, funding 
restraints, operations planning and investigation synthesis. The investigation 
team should also be recruited and decided upon during this process. 
 
Review Documents and Literature  
 
Reviewing documents and literature involves the inspection of plans, pavement 
history, pavement materials information and specifications, rehabilitation 
manuals and specifications, previous similar materials test results, construction 
records and practices, testing methods and frequencies and all other relevant 
information such as publications and articles from bother international and 
national sources. 
 
Interview Personnel 
 
Formal and informal meetings with road agency staff at both Main Roads and 
other interstate agencies such as Austroads, allows for experience to be 
transferred. Information sharing is important as you can gather insight into other 
professional‟s opinions.  People in positions such as Inspectors, Road Designers, 
Site Foreman‟s, and Engineers, relevant to road authorities, are all interviewed 
and provide useful information. 
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Investigation of Soil Testing Procedures Used for Expansive Subgrades 
 
The investigation of soil testing practices includes a review of the California 
Bearing Ratio 4 day soaked test, as used as a method of swell prediction. This 
test method is altered with the intention of achieving variable results and 
highlighting the inaccuracy of the 4 day test, whilst investigating the accuracy of 
the test method in general.  
 
The following tests were conducted; 
 
7. 4 day soaked CBR test 
8. 10 day soaked CBR test 
9. 6 point soaked CBRs with varying moisture contents ( 3 on the dry side 
of OMC and 3 on the wet side) 
10. 10 day soaked CBR with varying levels of compactive effort 
11. 10 day soaked CBR with varying surcharge loadings 
12. 10 day soaked CBR with 1/3 depth of mould 
 
Standard four day and ten day soaked CBR tests were conducted for the purpose 
of comparison. It was hypothesised that the 10 day soaked CBR, which is not 
normally carried out, would provide a swell measurement significantly greater 
then that of the four day soaked CBR.  
 
Varying moisture content CBR tests are carried out to determine if moisture 
levels in the soil before addition of water have an effect of the expansive 
reaction of the clay soil.  
 
Varying levels compactive effort is carried out investigate the effects of 
construction practices on the expansive behaviour of the soil. It is hypothesised 
the over compaction has an adverse effect and causes swell potential to increase.  
 
Differential surcharge loadings are applied to determine whether provide 
significant levels of overburden to the soil will suppress swell. This is conducted 
to simulate the varying forces applied by differing tonnage of overburden.   
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A CBR test is also carried out with the mould capacity reduced to one third the 
original size. This aims to force maximum moisture penetration into the mould 
and determine if the standard CBR mould receives soaking through its entire 
depth.  
 
Forensic Investigation of Pavement Failures on Expansive Subgrades 
 
The outline of the method is; 
 
Non Destructive Testing 
 
 Visual Examinations 
 Pavement Surface Profiling (level) 
 Rutting 
 Roughness 
 Other attributes: Cracking, crossfall changes etc. 
 Maintenance Costs 
 Traffic Loading 
 
Destructive Testing 
 
 Linear shrinkage and plasticity index 
 Liquid Limit and Plastic Limit 
 Hydrometer Analysis 
 Atterberg Limits 
 Trenching and Coring 
 Compressive Cylinder Testing 
 Subgrade Profile Survey (stringline)  
 Dynamic Cone Penetration (DCP) 
 California Bearing Ratio (CBR) 
 Particle Size Distribution 
 Moisture Content 
 Degree of Saturation (DOS) 
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The method outlined above is based on the basic steps in any forensic 
engineering investigation.  This method is also displayed by the Forensic 
Investigation method developed by Smith (2004). This modified approach 
integrates a number of technologies to carry out the Non-Destructive Condition 
Survey.  Specific technologies may not be required depending on the 
investigation to be carried out. Intentions should be to minimise costs by 
increasing non destructive test methods and decreasing destructive testing.  
 
Report and Discuss Construction Practices 
 
Construction of roadways on expansive soils in the Toowoomba region has been 
unsuccessful. Many roadways show signs of serious distress well before their 
design life. This methodology aims to investigation various construction 
practices used by other Main Roads districts, Nation and International Road 
Authorities, and make recommendations. This section is considered the 
foundation investigations into future projects and investigations.  
 
Rehabilitation of a Roadway 
 
This section seeks to apply the research material discovered in the previous 
section and apply these methodologies to a real life situation. The TCP Road 
showed significant pavement distress early in its life. Rehabilitation of a 
roadway showing sever distress constructed on expansive subgrades is the target 
focus for this investigation and is why the TCP Road was chosen. Monitoring 
the progress of this rehabilitation will allow future examinations of the 
succession, of the practices used.  
 
Report on Outcomes 
 
A report on the outcome of the expansive soil investigations should be produced, 
as this enables others to learn from the problems and issues faced, and should 
help reduce the chances of similar issues in the future. Information that should 
be included is a general review of the project and location, failure details, a 
description of any testing carried out, what the probable cause(s) of failure were, 
how it could be prevented in the future, and possible rehabilitation options. 
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Project Methodology 
 
The specific objectives as listed earlier in Appendix A2 will now be considered 
in terms of how each task will be undertaken, the tasks involved in each project 
and why the decision was made to carry out the work this way. 
 
Research the background information relating to reactive sub-grades. 
 
This will be achieved by conducting a literature review of both print and web-
based sources, from Australia and Overseas. This will ensure that a wide variety 
of information is obtained. A lot of research has previously been completed on 
reactive subgrades in areas such as South Africa and American transport 
authorities. Moisture in expansive soils is well documented in Australia and has 
been well documented in the Main Roads Southern Region 
 
Researching the background information on reactive subgrades will help to give 
the author an understanding of how reactive subgrades behave as well as the 
previous methods that have been adopted to cope with expansive soils. This 
information should comment on the effectiveness of each method which will 
allow the author to rank the effectiveness of different methods and determine 
which combination of effective solutions will be the most beneficial, and give 
the optimum results.  
 
Pavement cross sections on expansive soils have been developed within 
Australia, and more specifically South Western Queensland. These cross 
sections are influenced by a number of local factors, including availability of 
resources, low traffic volumes, high percentages of heavy vehicles and climatic 
conditions. Cross Sections used by different Road Authorities throughout 
Australia will be investigated. 
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Research and investigate previous projects completed in Toowoomba involving 
expansive soils, and comment on the findings. (Performance Based 
Assessments) 
 
Research that has been previously compiled on reactive subgrades in the 
Southern District will be sourced and thoroughly investigated. Senior staffs that 
have had significant involvement in expansive soils will be spoken to and their 
knowledge will be drawn on consistently throughout the project.  
 
Performance based assessments will be completed on jobs that are showing 
significant pavement failures and are known to be constructed on expansive 
soils. A Field Survey Sheet will be formed and an assessment of the 
performance of each selected road section will be conducted.  All existing back-
log information from the Maintenance contractors on each site will be compiled 
and reviewed. 
 
Identify Major Parameters associated with Pavement Cross-Sections which 
Influence Moisture Changes and/or Soil Volume Changes in the Toowoomba 
Southern District 
 
Research through the Main Roads Spring Hill Library in the form of journal 
articles and reports previously written by Main Roads Professors will be sourced 
and thoroughly examined.  
 
Interviews will be arranged with senior Main Roads staff and all opinions will 
be taken into consideration. Local shires and engineering bodies will also be 
investigated to determine if they have previously had any succession in the area 
of expansive soils. This information will be recorded and attempt to be adopted 
into Main Roads construction techniques.  
 
By identifying parameters that significantly influence pavement performance, 
beneficial practices can be enforced and practices which are proven to have 
minimal effects or an adverse effect can be avoided.  
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Investigate the effects of these found parameters through a combination of 
background reading, examination of existing test data, field investigations and 
testing.  
 
By identifying parameters that significantly influence pavement performance, 
beneficial practices can be enforced and practices which are proven to have 
minimal effects or an adverse effect can be avoided.  
 
Pavement life will be compared with that of a road constructed on reactive 
subgrades which does not have any parameters put in place. This will be 
achieved by completing PBA‟s on site for a variety of different cross sections 
which were constructed around similar times. A variety of cross sections which 
have been previously experimented with in the Southern District will be 
investigated through Main Roads databases and libraries.  
 
Test data will be sourced from Main Roads soil laboratories or Main Roads 
databases. Performance based assessments and soil testing will be completed to 
identify the soil properties of expansive subgrades and then correlated with the 
level of movement/failure.  
 
Validate the Accuracy of Main Roads Toowoomba’s Testing Procedures 
 
A develop a series of testing methods to determine the accuracy of Main Roads 
current soil testing practices. These tests will at least include the investigation of 
the four (4) day soaked CBR test and how it relates to the ten (10) day soaked 
CBR test. Recommendations of new testing procedures will be made and 
reviewed by The Department of Main Roads. Upon approval the RoadTek soil 
laboratory may adapt testing procedures to suit recommendations. 
 
Determine the Relationship between Pavement Failures and Expansive 
Subgrades 
 
Through performing a series of tests such as strength, expansion, shrink and soil 
characteristic test methods a relationship between pavement failures and 
expansive soils will be developed. This relationship will be applied to 
construction guidelines with the intent of avoiding such failures resulting from 
future construction practices.  
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Identify and Rehabilitate a Pavement Constructed on Expansive Soils 
 
A road which needs rehabilitation will be used as an experimental section. This 
failing road will have been constructed on reactive subgrades and exhibit severe 
failures as a result of moisture entering the expansive soils.  
 
Develop guidelines for the selection of pavement cross sections for the 
Toowoomba district. 
 
A dissertation will be written thoroughly explaining the processes which need to 
be adhered to, in order to develop a cross section which minimises the effects of 
expansive subgrades and moisture.  
 
Present project results in the required oral and written formats 
 
This project as part of the course ENG 4112 will be submitted as a written 
dissertation and also presented at the University of Southern Queensland‟s 2008 
Professional Practice Seminar.
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Environmental, Sustainability and Consequential Safety Effects 
 
This project is being undertaken with sponsorship of The Southern District of 
Main Roads and plans to develop a cross section with guidelines for the 
construction of road pavements on reactive subgrades. This project will 
potentially extend beyond its initial scope, and construct the designed cross 
section on a section of road in need of rehabilitation. Currently this section has not 
been decided upon.  
 
This project aims to minimise the effects of reactive subgrades, and therefore 
reduce the level of failures of roads constructed on expansive soils. This will 
result in more efficient use of financial and natural resources, by reducing the 
need for maintenance works and rehabilitation. Reciprocally this decrease in 
maintenance and rework will increase the sustainability of the environment 
surrounding the carriageway as well as the sustainability of infrastructure, 
construction and maintenance.  
 
Main Roads management holds in high regard improving sustainability and 
minimising the effects of environmental degradation caused by construction. Data 
Acquisition work items such as "testing" pose minimal environmental risks, any 
uncertainties will be clarified through consultation with Main Roads 
Environmental Officers. 
 
The excavation of the test pit poses the highest environmental risks, which are 
mainly concerned with the flora and fauna surrounding the carriageway. As this 
consists of a rehabilitation of an existing road, there will be few environmental 
factors which have not already been previously addressed. If there is need for an 
environment impact assessment it will be completed. This is a regular process 
which Main Roads environmental officers will complete.   
 
Immediate safety concerns have been addressed in Appendix C.  Identified risks 
are being managed and control methods implemented.  Long Term safety 
improvements for road users could be realised, when incidents regarding water 
retention, rutting and shoving on roads designed with a new cross section are 
achieved.  
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Ethical Effects 
 
The ethical responsibility for the work is fully accepted by the author and at no 
time will the author compromise the nine tenets of the IEAust (Institution of 
Engineers Australia) Code of Ethics.  
 
Members shall at all times place their responsibility for the welfare, health 
and safety of the community before their responsibility to sectional or private 
interests, or to others members. 
 
Improved understanding of expansive subgrades and development of a new cross 
section will be to the benefit of the community in terms of road performance. Less 
disruption from rehabilitating roads constructed on expansive subgrades and 
general safety of a road which performs to a high standard by minimising failures, 
are examples of other positive benefits to the community.  
 
Members shall act in order to merit the trust of the community and 
membership in the honour, integrity and dignity of the members and the 
profession. 
 
Publication of the project will promote the honour, integrity and dignity of the 
engineering profession. 
 
Members shall offer services, or advise on or undertake engineering 
assignments, only in areas of their competence and shall practise in a careful 
and diligent manner. 
 
The author's area of education and current vocational specialisation is in the area 
civil engineering including high focus on road pavement design, construction and 
maintenance. Careful consideration and diligence will be sought throughout the 
duration of the project.  Professional advice from members with greater 
competence will be sought in situations when specialised skills or knowledge are 
required. 
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Members shall act with fairness, honesty and in good faith towards all in the 
community, including clients, employers and colleagues. 
 
The author will ensure all actions and results throughout the project are fair, 
honest and in the best interest of the community, client, employers and colleagues.    
 
Members shall apply their skills and knowledge in the interest of their 
employer or client for whom they shall act as faithful agents or advisers, 
without compromising the welfare, health and safety of the community. 
 
Development and delivery of the project is sponsored by Main Roads.   Main 
Roads is a government body which is essential funded by the “people”. Main 
Roads has strict protocol and guidelines which ensure that all work completed is 
in the best interest of the “people”. Training in “Workplace Health and Safety”, 
“Equal Opportunity” and “Road Pavement Performance” will ensure that the 
author has the required skills to put community and colleagues first.  
 
Members shall take all reasonable steps to inform themselves, their clients 
and employers and the community of the social and environmental 
consequences of the actions and projects in which they are involved. 
 
Risk assessments have been carried out where necessary and no social 
consequences were identified.  Environmental consequences are minimal as the 
majority of the project involves research and analysis of data.  If any social or 
environmental consequences are identified during the project appropriate advice 
will be sought and consultation provided to both employer and community. 
 
Members shall express opinions, make statements or give evidence with 
fairness and honesty and on the basis of adequate knowledge. 
 
The author‟s area if training and education is with Main Roads and road related 
construction. Any areas where specific technical knowledge of a high standard is 
required, senior Main Roads staff will be consulted. The constant supervision of a 
Main Roads supervisor in conjunction with USQ staff trained in this area will 
ensure that all findings, reports and information are fair and honest.  
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Members shall continue to develop relevant knowledge, skill and expertise 
throughout their careers and shall actively assist and encourage those under 
their direction to do likewise. 
 
Completing and meeting the requirements of this project will improve the author‟s 
knowledge, skills and expertise in his chosen professional area.  Compilation of a 
accurate and knowledgeable dissertation will encourage others to do likewise.  
 
Members shall not assist, induce or be involved in a breach of these Tenets 
and shall support those who seek to uphold them. 
 
All measures will be taken by the author not to assist, induce or be involved with 
any breach of the previously mentioned tenets. Support will be willingly given to 
any individual involved with the project, who seeks to uphold these tenets. 
 
This was downloaded from the following website: 
http://www.ieaust.org.au/directory/res/downloads/Code_of_Ethics_2000.pdf 
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Risk Assessment 
 
In all projects it is essential that all risks are identified, assessed and controlled. 
This is done by safe workplace procedures and a controlled workplace/worksite. 
Often workplace health and safety monitors in conjunction with all staff, 
supervise sites and ensure that all risks are properly monitored and that hazards 
are avoided.  
 
The Project has the major tasks involved: 
 
1. Office Work Research 
2. Office Work Reporting and Designing 
3. Field Work – Inspections/ Performance Based Assessments 
4. Field Work – Testing of soils on site 
5. Field Work -  Excavation of Test Pit and Construction of Cross Section 
 
A summary of the Hazard Identification, Potential Risks and Control Methods is 
presented in Table A5. The risks associated with construction and field works 
are vary serious, and it is important that safety precautions are taken and safe 
work procedures, followed. All staff on site will be appropriately trained and 
inducted into safe workplace practices. 
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Table A5:  Risk Assessment for Project ENG4111 -Potential Construction of Pavement Cross Section 
     
Work Type Activity Risk Identification Evaluation of Risk Control of Risk 
Office Research 
Damage to Back from 
Poor Posture 
Back Problems 
Ensure chair and desk are at correct heights, and that 
arms are at 90 degrees to desk. 
    
Take regular breaks every 2 hours, and ensure you are 
not slouching. 
 
Reporting 
Damage to Back from 
Poor Posture 
Back Problems 
Ensure chair and desk are at correct heights, and that 
arms are at 90 degrees to desk. 
    
Take regular breaks every 2 hours, and ensure you are 
not slouching. 
  
Computer Failure 
Loss of Reports and 
Information 
Regularly save before leaving your desk 
    
Regularly backup your work to an external device. 
Field 
Inspections/ 
Performance Based 
Assessments 
Struck by Vehicle Serious Injury of Death High Visibility Garment 
    
Have two people present, One for inspection and one for 
spotting 
    
Work downstream of vehicle, ensure vehicle has 
warning lights, and they are ON! 
  
Damage to eyes 
through UV exposure 
Corneal Damage, cataracts 
and eyesight loss 
Eye protection with 100% UV protection, e.g sunglasses 
and wide brim hats 
  
Skin exposed to UV 
Rays 
Sunburn and Skin Cancer Long sleeve shirt and 30+ Sunscreen 
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Soil Testing Struck by Vehicle Serious Injury of Death High Visibility Garment 
    
Have two people present, One for inspection and one for 
spotting 
    
Work downstream of vehicle, ensure vehicle has 
warning lights, and they are ON! 
  
Damage to eyes 
through UV exposure 
Corneal Damage, cataracts 
and eyesight loss 
Eye protection with 100% UV protection, e.g. 
sunglasses and wide brim hats 
  
Skin exposed to UV 
Rays 
Sunburn and Skin Cancer Long sleeve shirt and 30+ Sunscreen 
 
Construction of Road 
Cross Section 
General Hazards Serious Injury / Death General Safety Induction 
    
Ensure all people on site have a Blue Card 
    
All visitors to report to supervisor on arrival and sign in 
    
No visitors to be left unattended 
  
Struck on Head by 
falling object 
Serious Injury or Death Head protection/Hard Hat to be warn when risk evident 
  
Damage to Feet by 
falling object 
Broken bones or Permanent 
Damage 
Foot protection/ Steel cap boots to be worn at all times 
  
Damage to Eyes by 
falling object 
Loss of Eyesight 
Eye protection/sunglass & safety glasses to be worn 
when risk evident 
  
Struck by Vehicle Serious Injury of Death High Visibility Garment 
    
Have two people present, One for inspection and one for 
spotting 
    
Work downstream of vehicle, ensure vehicle has 
warning lights, and they are ON! 
    
Traffic Management Plan will be implemented. 
  
Damage to eyes 
through UV exposure 
Corneal Damage, cataracts 
and eyesight loss 
Eye protection with 100% UV protection, e.g. 
sunglasses and wide brim hats 
  
Skin exposed to UV 
Rays 
Sunburn and Skin Cancer Long sleeve shirt and 30+ Sunscreen 
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Resource Analysis 
 
To efficiently complete a project it is essential that prior investigations into the 
availability of resources, costs involved in using these resources and feasibility 
of these resources are completed before construction or commencement of any 
project can begin.  
 
There is very few resources needed to complete this project, however the ones 
that are required are critical items and without them the project would not be 
able to be completed. All items can be sourced readily by the author, or from 
Main Roads. The timing of external resource dependant tasks can be managed to 
negate any impact on the delivery time of the project. 
 
The resources likely to be required are shown in Table A6 below: 
 
Resource Source Possible 
Problems 
Costs Details 
Computer, 
Printing, 
Internet 
KW,USQ,MR Restrictions on 
access at USQ 
and MR.  
Minor 
Print 
Costs 
Alternatives are available; 
therefore it will not impact 
on Project. 
USQ 
Library 
USQ Access 
restrictions on 
weekends 
 
 
 
- It is unlikely that much 
hardcopy material from 
USQ Library will be 
needed; most information 
will be kept as files on a 
USB. Therefore impact 
should be minimal.  
Main Roads 
Library 
MR Documents 
already in use 
- There may be possible 
delay if materials are 
already hired when needed. 
However secondary copies 
can usually be sourced. 
There impact is minor 
Main Roads 
Staff 
MR Limited 
Availability 
- Main Roads staff often has 
busy schedules and are 
hard to contact. If staff is 
unavailable other sources 
may need to be utilised.  
Main Roads MR Limited Supplied Soil testing equipment may 
be being used at the time of 
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Equipment Availability by MR requirement, booking 
ahead is necessary.  
 
Vehicle MR Limited 
availability 
Supplied 
by MR 
Alternatives are available; 
therefore it will not impact 
on Project. 
Construction 
Equipment 
Contractor 
Or RoadTek 
Limited 
availability 
Supplied 
by MR 
Equipment will be supplied 
by contractors. There may 
be possible delays based on 
their schedule but 
alternatives are available.  
Safety 
Equipment 
MR Postage delays Supplied 
by MR 
All equipment can be 
acquired from Main Roads. 
Equipment takes several 
days to get here, ordering 
ahead is therefore 
important.  
 
Alternatives are available; 
therefore it will not impact 
on Project. 
 
*KW = Kieren Walters, USQ = University of Southern Queensland, MR= 
Department of Main Roads
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Table A7:  Project Completion Program 
             
               
Task Description 
Depends 
On 
Resource
s 
Start End   Mar Apr May Jun Jul Aug Sep Oct 
1 Specification - KW Mar Mar                   
  
      
                
2 Background 1 KW, MR May Jun                   
                              
3 Literature Review 1 KW, Lib May Jun                   
                              
4 Appreciation 1 KW May May                   
                              
5 Field Inspections - KW, MR Jun Jul                   
                              
6 Carry out PBA on Previous Jobs - KW, MR Jul Aug                   
                              
7 Testing - KW Jul  Aug                   
                              
8 Develop Guidelines for Construction - KW Aug Aug                   
                              
9 Complete Testing - KW Aug Sep                   
                              
10 Analyse Results 2,3,5,6,7 KW Sep Sep                   
                              
11 Conclusions 18,9,10 KW Aug Sep                   
                              
12 Report on Findings 5,6,7 KW Sep Oct                   
* KW = Kieren Walters, MR = Main Roads, Libraries = Main Road and Usq Libraries, PBA= Performance Based Assessment
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Geotechnical Log 
 
   
 
  
   
GEOTECHNICAL LOG OF EXCAVATION 
HOLE NO.:   TP 
SHEET: 1 OF   1 
JOB NO:  P67/324/302 i.4 
CLIENT:  Main Roads Toowoomba 
PROJECT:        Norwin Sub-grade Investigation 
LOCATION:  Chainage 57.811km, Toowoomba-Cecil Plains Rd 
Co-ords: E- N/A 
 N- N/A 
RL: 
EXCAVATION SUBSTANCE 
TEST RESULTS 
And ADDITIONAL 
OBSERVATIONS 
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DESCRIPTION 
Soil Type: grain size, plasticity, colour 
structure, minor components. 
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E.g.: 
Structure / Origin 
Test Results 
0.1 
b
u
c
k
e
t 
  M    OH 
 
Overburden 
Organic silts and clays of Medium to High 
plasticity. The surface 550mm consisted of 
light brown overburden with grasses.  
 
There was no surface cracking as moisture was 
evident from rain on previous day. 
 
Soil contained no rock or other constituents  
W M
D 
  
0.2             
0.3             
0.4             
0.5 
            
0.6 
   M    C
H 
Sandy CLAY 
 
Scattered red/yellowish-brown/grey, high plasticity, 
max size 5mm. 
 
 Some fine gravel - red-brown, sub-rounded, 
Appears to be a fill material, layered from deposition  
 
M D   
0.7               
0.8 
       C
H 
Black Clay 
Inorganic clays of high plasticity, fat 
Clays.  
 
From 550mm depth to 1200mm depth the soil 
appeared to be highly plastic clay with black 
colour, and small white rock speckled 
throughout.  
 
     
0.9              
1.0 
             
1.1    M      M D   
1.2 
       C
H 
Shiny Black-Grey Clay 
 
Soil appears consistent through to 2.0m 
depth. It appears to be typical highly 
plastic expansive clay.  
     
1.3              
1.4              
1.5              
PAVEMENTS MATERIALS and GEOTECHNICAL DIVISION LABORATORY 
Geotechnical Branch 
35 Butterfield Street Herston Qld   4006 
Phone:  +61 7 3115 3035    Fax:     +61 7 3115 3011  
   
 
 
1.6    M      
Appears dark grey in colour. Soil 
texture begins to change towards 
equilibrium moisture content.  
M D   
1.7              
1.8              
1.9              
2.0              
2.1 
   M    C
H 
Light Grey Clay M D   
2.2 
        Soil is lighter in colour and appears to 
be at equilibrium moisture content.  
 
Soil is less plastic and is more brittle 
when fractured. Soil has a smooth 
surface texture.  
     
2.3               
2.4               
2.5         Hole terminated at 2.5m      
 
 Contractor : Theuerkauf Contracting PTY LTD 
 Rig: 20 Tonne Excavator  
Commenced :  8.00am 
30/7/2008 
Weather: Sunny 
Logged by :  K.Walters 
Sampled by : K.Walters 
Details of abbreviations and basis of description are given in Explanatory Notes. 
 
Notes: 2 tubes were pushed every half meter interval, and 2 containers of soil were taken at a depth of 
1.2m as this appeared to be the most expansive black clay and would give the more relevant results.  
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Geotechnical Terms and Definitions 
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Loaded Swell Testing Results 
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Atterberg Grading Results 
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Dynamic Cone Penetration Tests 
(DCP) 
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Rutting and Roughness Data for TCP Road 
  
   
 
 
RSECT_ID TDIST_START TDIST_END RATE_DATE ROUGHNESS 
RUTT   AVG 
(mm) RUTT MAX (mm) 
324 55 55.1 23-NOV-04 69 2.3 7 
324 55.1 55.2 23-NOV-04 83 4.4 14 
324 55.2 55.3 23-NOV-04 102 11.4 32 
324 55.3 55.4 23-NOV-04 83 5.5 20 
324 55.4 55.5 23-NOV-04 100 6.5 19 
324 55.5 55.6 23-NOV-04 81 2.3 7 
324 55.6 55.7 23-NOV-04 53 2.2 5 
324 55.7 55.8 23-NOV-04 51 2.6 6 
324 55.8 55.9 23-NOV-04 65 2.4 6 
324 55.9 56 23-NOV-04 45 1.9 5 
324 56 56.1 23-NOV-04 43 1.5 4 
324 56.1 56.2 23-NOV-04 51 1.8 5 
324 56.2 56.3 23-NOV-04 55 2.2 6 
324 56.3 56.4 23-NOV-04 51 1.5 5 
324 56.4 56.5 23-NOV-04 38 1.1 3 
324 56.5 56.6 23-NOV-04 38 1.5 3 
324 56.6 56.7 23-NOV-04 28 2 4 
324 56.7 56.8 23-NOV-04 32 1.8 4 
324 56.8 56.9 23-NOV-04 39 2.9 6 
324 56.9 57 23-NOV-04 55 2.7 6 
324 57 57.1 23-NOV-04 44 2.4 5 
324 57.1 57.2 23-NOV-04 28 1.9 4 
324 57.2 57.3 23-NOV-04 23 1.9 4 
324 57.3 57.4 23-NOV-04 31 1.8 4 
324 57.4 57.5 23-NOV-04 64 2.4 6 
324 57.5 57.6 23-NOV-04 131 3.3 10 
324 57.6 57.7 23-NOV-04 86 2.9 8 
324 57.7 57.8 23-NOV-04 66 2.3 6 
324 57.8 57.9 23-NOV-04 72 2.6 8 
324 57.9 58 23-NOV-04 82 3 8 
324 58 58.1 23-NOV-04 79 2.8 7 
324 58.1 58.2 23-NOV-04 92 2.5 6 
324 58.2 58.3 23-NOV-04 137 2.8 8 
324 58.3 58.4 23-NOV-04 107 2.2 7 
324 58.4 58.5 23-NOV-04 111 3 11 
324 58.5 58.6 23-NOV-04 147 8.2 25 
324 58.6 58.7 23-NOV-04 111 12.8 31 
324 58.7 58.8 23-NOV-04 111 12.8 32 
324 58.8 58.9 23-NOV-04 119 16.4 45 
324 58.9 59 23-NOV-04 128 15.9 45 
324 59 59.1 23-NOV-04 98 5.3 15 
324 59.1 59.2 23-NOV-04 110 3.6 13 
324 59.2 59.3 23-NOV-04 87 4.1 14 
324 59.3 59.4 23-NOV-04 74 5 13 
324 59.4 59.5 23-NOV-04 110 10.2 25 
324 59.5 59.6 23-NOV-04 105 14.1 36 
324 59.6 59.7 23-NOV-04 100 9.5 31 
324 59.7 59.8 23-NOV-04 100 7.9 24 
324 59.8 59.9 23-NOV-04 99 11 28 
324 59.9 60 23-NOV-04 121 6.3 18 
324 60 60.1 23-NOV-04 130 3.5 10 
Averages 
   
79.70588235 4.801960784 13.21568627 
    
23 1.1 3 
    
147 16.4 45 
   
 
 
    
32.79783238 4.064310963 11.16597374 
324 55 55.1 09-JAN-06 87 2.5 10 
324 55.1 55.2 09-JAN-06 114 9.1 28 
324 55.2 55.3 09-JAN-06 99 21.5 48 
324 55.3 55.4 09-JAN-06 101 21 43 
324 55.4 55.5 09-JAN-06 116 12.2 36 
324 55.5 55.6 09-JAN-06 90 3.5 9 
324 55.6 55.7 09-JAN-06 62 4.2 9 
324 55.7 55.8 09-JAN-06 58 3.7 9 
324 55.8 55.9 09-JAN-06 64 4.8 11 
324 55.9 56 09-JAN-06 51 7.8 15 
324 56 56.1 09-JAN-06 50 5.5 11 
324 56.1 56.2 09-JAN-06 54 3.7 10 
324 56.2 56.3 09-JAN-06 63 3 9 
324 56.3 56.4 09-JAN-06 57 4.6 11 
324 56.4 56.5 09-JAN-06 42 5.8 11 
324 56.5 56.6 09-JAN-06 42 3.9 7 
324 56.6 56.7 09-JAN-06 42 4.4 8 
324 56.7 56.8 09-JAN-06 42 3.7 8 
324 56.8 56.9 09-JAN-06 48 4.3 9 
324 56.9 57 09-JAN-06 68 4.7 10 
324 57 57.1 09-JAN-06 58 4.7 10 
324 57.1 57.2 09-JAN-06 40 5.4 12 
324 57.2 57.3 09-JAN-06 37 5.2 14 
324 57.3 57.4 09-JAN-06 40 5.7 14 
324 57.4 57.5 09-JAN-06 50 5.4 12 
324 57.5 57.6 09-JAN-06 52 2.9 7 
324 57.6 57.7 09-JAN-06 45 3 7 
324 57.7 57.8 09-JAN-06 48 3.2 7 
324 57.8 57.9 09-JAN-06 48 3.3 7 
324 57.9 58 09-JAN-06 35 3.6 7 
324 58 58.1 09-JAN-06 40 4.7 10 
324 58.1 58.2 09-JAN-06 44 5.5 11 
324 58.2 58.3 09-JAN-06 39 5.6 10 
324 58.3 58.4 09-JAN-06 41 3.4 8 
324 58.4 58.5 09-JAN-06 65 4.7 13 
324 58.5 58.6 09-JAN-06 114 10.8 30 
324 58.6 58.7 09-JAN-06 120 13.4 33 
324 58.7 58.8 09-JAN-06 128 14.3 35 
324 58.8 58.9 09-JAN-06 142 18 49 
324 58.9 59 09-JAN-06 135 10.1 35 
324 59 59.1 09-JAN-06 120 6.4 23 
324 59.1 59.2 09-JAN-06 139 9.1 38 
324 59.2 59.3 09-JAN-06 98 9.3 40 
324 59.3 59.4 09-JAN-06 85 6.1 18 
324 59.4 59.5 09-JAN-06 120 11.5 27 
324 59.5 59.6 09-JAN-06 112 16 41 
324 59.6 59.7 09-JAN-06 112 12.7 38 
324 59.7 59.8 09-JAN-06 106 9.5 29 
324 59.8 59.9 09-JAN-06 108 12.2 32 
324 59.9 60 09-JAN-06 125 6.4 19 
324 60 60.1 09-JAN-06 127 3.7 12 
    
76.92156863 7.249019608 18.82352941 
    
35 2.5 7 
    
142 21.5 49 
    
34.21434348 4.668348684 12.75209461 
   
 
 
324 55 55.1 09-DEC-06 97 5.3 26 
324 55.1 55.2 09-DEC-06 73 12 46 
324 55.2 55.3 09-DEC-06 66 17.5 46 
324 55.3 55.4 09-DEC-06 83 12.4 31 
324 55.4 55.5 09-DEC-06 102 4.6 18 
324 55.5 55.6 09-DEC-06 82 3.5 9 
324 55.6 55.7 09-DEC-06 60 3.3 8 
324 55.7 55.8 09-DEC-06 61 3 9 
324 55.8 55.9 09-DEC-06 65 3.8 10 
324 55.9 56 09-DEC-06 54 6 12 
324 56 56.1 09-DEC-06 58 5.3 11 
324 56.1 56.2 09-DEC-06 66 2.5 7 
324 56.2 56.3 09-DEC-06 66 2.9 8 
324 56.3 56.4 09-DEC-06 53 5.3 13 
324 56.4 56.5 09-DEC-06 42 5.4 12 
324 56.5 56.6 09-DEC-06 40 3.6 9 
324 56.6 56.7 09-DEC-06 36 3.5 9 
324 56.7 56.8 09-DEC-06 46 3.3 8 
324 56.8 56.9 09-DEC-06 63 3.7 9 
324 56.9 57 09-DEC-06 72 4.2 10 
324 57 57.1 09-DEC-06 55 5.6 12 
324 57.1 57.2 09-DEC-06 38 9 21 
324 57.2 57.3 09-DEC-06 40 12.7 25 
324 57.3 57.4 09-DEC-06 39 12.6 23 
324 57.4 57.5 09-DEC-06 49 6.9 14 
324 57.5 57.6 09-DEC-06 55 2.5 6 
324 57.6 57.7 09-DEC-06 48 2.5 6 
324 57.7 57.8 09-DEC-06 48 2.8 7 
324 57.8 57.9 09-DEC-06 41 3.4 9 
324 57.9 58 09-DEC-06 33 3.3 9 
324 58 58.1 09-DEC-06 39 5.6 15 
324 58.1 58.2 09-DEC-06 39 9.1 20 
324 58.2 58.3 09-DEC-06 38 6.9 14 
324 58.3 58.4 09-DEC-06 42 3.3 8 
324 58.4 58.5 09-DEC-06 72 6.3 20 
324 58.5 58.6 09-DEC-06 106 16.4 38 
324 58.6 58.7 09-DEC-06 117 19.5 43 
324 58.7 58.8 09-DEC-06 115 20.4 46 
324 58.8 58.9 09-DEC-06 122 14.9 37 
324 58.9 59 09-DEC-06 125 7.4 25 
324 59 59.1 09-DEC-06 107 3.7 14 
324 59.1 59.2 09-DEC-06 107 2.5 11 
324 59.2 59.3 09-DEC-06 88 3.9 15 
324 59.3 59.4 09-DEC-06 88 5.6 20 
324 59.4 59.5 09-DEC-06 108 10.2 33 
324 59.5 59.6 09-DEC-06 100 11.5 36 
324 59.6 59.7 09-DEC-06 106 9.7 32 
324 59.7 59.8 09-DEC-06 104 13.1 37 
324 59.8 59.9 09-DEC-06 115 11.5 31 
324 59.9 60 09-DEC-06 128 7.2 22 
324 60 60.1 09-DEC-06 125 3.9 13 
    
72.98039216 7.156862745 19.07843137 
    
33 2.5 6 
    
128 20.4 46 
    
29.56447935 4.719847742 11.95882337 
    
76.53594771 6.402614379 17.03921569 
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Hydrometer Analysis 
  
   
 
 
 
